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ABSTRACT
This study was conducted to determine whether supplemental rumen protected 
choline could improve lactation performance and lipid metabolism in cows in negative 
energy balance. In experiment 1. 19 primiparous Holstein cows were randomly assigned 
to dietar>' treatments consisting o f either a control ration or control plus 15 g/d o f 
supplemental rumen-protected choline (60 g/d o f Cap-Shure. Balchem Corp., Slate H ill, 
NY). Close-up and early lactation rations were formulated from a grass hay and com 
silage forage base, respectively, with a com-soy concentrate, whole cottonseed, and 
alfalfa hay included as appropriate to meet nutrient requirements. Cows were milked 
twice daily. Cows were offered a total mixed ration twice daily through individual 
feeding gates. Supplemental choline was top-dressed onto the ration beginning 2 wk 
prepartum and continuing to the end o f the experimental period at 8 wk postpartum. 
Prepartum DMI tended to be higher for supplemented cows. Treatment did not affect 
postpartum DMI. which declined from 10.6 to 9.0 kg/d from wk 2 to wk 1 prepartum but 
then increased to 23.5 kg/d by 8 wk postpartum. Supplemental choline did not affect total 
milk production or secretion o f m ilk components. Peak concentrations o f plasma NEFA 
(1.2 mM) and p-hydroxybut\Tate (1.3 mM) were reached in all cows between 5 and 10 d 
postpartum but were not influenced by supplemental choline. Prepartum P- 
hydro.xybut>Tate and insulin tended to be lower and higher, respectively, in treated cows. 
Liver triglyceride levels 2 wk prior to calving (6.49% DMB). at calving (8.31%) and 4 
wk postcalving (3.14%) were not affected by treatment. In experiment 2. 12 non- 
lactating. non-pregnant cows were fed the close-up diet o f experiment 1. restricted to 
0.5% o f an energy intake (0.5% o f BW). Blood insulin, glucose. NEFA. P- 
hydroxybutvTate. and liver triglyceride concentrations at d 0 (1.60%) and d 21 (3.33%)
xin
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were affected by feed restriction but not by treatment. In conclusion, supplementing 
rumen protected choline to dairy cows in a negative energy balance did not affect 
production or metabolic variables. Results o f blood insulin and selected metabolites 
were inconclusive. The choline levels used ma\ have been too low to exert an effect.
XIV
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INTRODUCTION
Dairy producers are in the competitive business o f providing m ilk for human 
consumption. A prosperous farm maintains a balance o f all aspects o f dairy husbandry, 
including nutrition, reproduction, genetics, health, and business management. While all 
o f these factors are important, nutrition and feeding play a key role in any successful 
daily operation. It has been estimated that 45 to 65% o f total cost o f producing m ilk is 
spent on feed alone (Bath and Sosnik. 1992). The nutrition and feeding programs must 
suit each phase o f the production cycle o f the daiiy cow to provide the necessary nutrients 
in a timely and profitable manner throughout its entire life (Hutjens. 1998).
Three major events in the life o f a daily cow are birth, weaning, and calving. 
.Although all o f these events may pose a threat to the animal's life and productivit). 
calving has received the most attention from daiiy producers, feed and veterinaiy 
industry, and the research community. The time around parturition has been referred to 
as the transition period, because it is the time when pregnancy comes to term and a new 
lactation begins. These changes place the cow in a stressful situation due to higher 
nutritional demands along with an inability to consume large quantities o f feed. 
Transition cow management is important to the daiiy producer because this is the time 
when the cow w ill begin to contribute to farm income.
From the nutritional point o f view, several management practices have been 
implemented to alleviate the incidence o f metabolic disease, especially those related to 
lipid metabolism. Nutrients such as niacin, methionine, choline or feed additives 
including ionophores. propylene glycol, yeast or other direct-fed microbials have shown 
some effects in impro\ ing fat metabolism in daiiy cattle and in other species (Erdman. 
1992: Hutjens. 1992).
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Methionine and choline are involved in lip id metabolism through lipoprotein 
formation and are thus called lipotropic agents. M ilk production responses to free 
supplemental choline have been generally disappointing, due to its extensive rumen 
degradation, which ranges from 70 to 80% (Atkins and Erdman. 1985: Atkins, et al.. 
1988; Sharma and Erdman. 1988b). However, when choline has been fed in ruminally- 
protected forms (Erdman and Sharma. 1991) or has been infused directly into the 
intestine (Erdman. 1985). m ilk production has increased from 1 to 3 kg/day. Choline is 
postulated to increase m ilk production by increasing the efficiency o f fatty acid transport 
from the adipose tissue to the mammaiy gland (Erdman et al.. 1984; Vincenzi. 1995); 
however, there is currently little supporting evidence for this hypothesis.
Supplemental choline has not affected circulating concentrations o f fatty acids or 
triglycerides, and results for m ilk fat secretion have been inconclusive (Erdman and 
Sharma. 1991: Grummer. et al.. 1987; Sharma and Erdman. 1988a). However, virtually 
all available metabolic research on lactating cows fed supplemental choline has been 
obtained from cows in or approaching positive energ)' balance. Because feed intake and 
peak m ilk production are largely established during early lactation, the importance o f 
optimizing hepatic function and metabolic health during the transition period cannot be 
overstated.
Based on current knowledge, the main objective o f this stud) was to determine the 
effects o f rumen protected choline supplementation to dair) cattle when fat metabolism is 
in high demand for this nutrient. The variables measured in this study were milk 
production, m ilk composition, dr)' matter intake, body weight, and body condition. Also, 
plasma NEFA. p-hydroxybut)Tate. insulin, glucose and li\e r triglyceride were measured 
as indices o f fat metabolism.
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REVIEW OF LITERATURE
The Production Cycle of a Dair) Cow
The production cycle o f a dairy cow includes two overlapping major events: 
lactation and reproduction. It can be divided into the dry period, which includes the far 
o ff and close-up phases (within 3 wk o f calving), and the fresh, early, mid. and late 
lactation phases. The close-up diy period and fresh lactation stages are also referred to 
collectively as the transition period, during which time the most dramatic metabolic and 
physiological changes take place. It is during this transition period when the dairy cow 
delivers her calf and initiates lactation. The initiation o f lactation imposes an energy 
requirement greater than her ability to consume and digest feed to supply the extra 
nutrients. This situation leads the cow into an energy and nutrient negative balance that 
results in the mobilization o f body fat reser\ es (Muller. 1992; Hutjens. 1998).
The body weight losses that occur at this high rate can contribute to metabolic 
diseases, such as ketosis and fatty liver. These metabolic diseases can result in decreased 
dry matter intake (DMI). milk yield, m ilk fat. and milk protein because liver function is 
impaired. It is frequently stated that, for every kilogram of milk produced at peak 
production, the cow w ill be able to produce 200 kg more in that lactation (Hutjens. 1998). 
Therefore, peak milk yield and lactation persistence is a function o f the nutrition and 
health o f cows near the time o f parturition (G off and Horst. 1997; Rajala-Schultz. 1999).
M ilk yield in a dairy cow w ill normally peak around 40 to 50 days in m ilk (DIM), 
but DMI w ill not reach a maximum level until 70 to 80 DIM. This leaves several weeks 
for the cow to depend largely on body reserves, which is often measured as body 
condition score on a scale o f five points (l= thin; 5=obese) with quarter point intervals 
(Edmonston. et al.. 1989). Monitoring body condition has recently received more
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attention because o f its direct relationship to m ilk yield and reproductive performance, 
and also because o f its practical application in research and commercial production 
(Muller. 1992; Hutjens. 1998).
Lipid Metabolism
The adipose tissue in ruminants is very metabolically active. Lipid mobilization 
occurs in response to several physiological conditions, including metabolic (fed vs. 
fasted) and physiological states (lactating vs. non-lactating). Lipid mobilization is a 
certainty in a dairy cow where body fat reserves are being mobilized and restored 
constantl) throughout lactation (McNamara. 1991). The main function o f jipids. 
especially triglycerides (Tg). is to pro\ ide a more concentrated source o f energy and free 
fatty acids for m ilk fat synthesis. Triglycerides are composed o f a glycerol molecule to 
which three long chain fatty acids are esterified. The fatty acids are transported either as 
non-esterified fatty acids (free fatty acids) attached to albumin, or as triglycerides in 
lipoproteins (Emery. 1979; Mayes. 1996c). De novo synthesis o f fatty acids is limited in 
the liver o f ruminant animals. Adipose tissue serves as the synthetic route for these fatty 
acids from precursors such as acetate and butyrate (Emery. 1979; Chillard. 1993).
The adipose tissue is responsive to several hormones, especially insulin and 
somatotropin, which play an important role during lactation. Insulin, an anabolic 
hormone, increases fat deposition in tissues and is also required by most tissues for 
glucose and amino acid transport across cell membranes. Its mode o f action in fat 
metabolism is through activation o f lipoprotein lipase, an enzvine responsible for the 
deesterification o f triglycerides found in chylomicrons and veiy low densitj- lipoproteins. 
Then non-esterified fatt) acids (NEFA) are absorbed b\ the cells, but some remain in 
circulation. Insulin also decreases the activit) o f hormone sensitive lipase which is 
responsible for deesterification o f triglycerides into NEFA from adipose tissue to be 
released into blood circulation. In contrast to its action in adipose tissue, insulin
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depresses the mammary lipoprotein lipase activity, thus reducing cellular uptake o f fatty 
acids for m ilk fat synthesis (McNamara. 1991; Chillard. 1993; Guyton and Hall. 1996c).
On the other hand, somatotropin actions oppose those o f insulin. It increases 
lipolysis in adipose tissue, decreases glucose utilization by cells and it is said to have 
diabetogenic effects. The mammaiy gland does not require insulin for glucose uptake 
and does not have somatotropin receptors. By the action o f these two hormones, nutrients 
are directed to m ilk production (Sidhu. 1972; Emeiy. 1979; Bines and Hart. 1982; 
Herbein et al.. 1985; Kelly et al.. 1991; McNamara. 1991).
Lipid Transport and Lipoproteins
The transport o f non-polar molecules such as lipids in blood requires special 
mechanisms. NEF.^ are attached to albumin, while triglycerides, cholesterol and 
cholesteiyl esters are transported in the core o f lipoproteins (Emeiy. 1979; Bauchart. 
1993; Mayes. 1996c). Lipoproteins are micelles formed by a single layer o f 
phospholipids. The phospholipids expose their polar and charged side to the exterior and 
the non-polar. non-charged side to the interior. Besides the phospholipid constituent, 
proteins are an important fraction in lipoproteins and can be either integral (e.g. 
apoproteins A. B. and E) or non-integral (e.g. apoprotein C.) (Bauchart. 1993; Mayes. 
1996c). Depending on the lipid to protein ratio, lipoprotein densit> w ill vary. Based on 
this premise, lipoproteins have been classified into several groups: chylomicrons (CM), 
very low density (VLDL). intermediate density (IDL). low density (LDL). and high 
density lipoproteins (HDL). all o f which have different metabolic roles in lipid transport 
(Bauchart. 1993; Mayes. 1996c).
Chylomicrons are lipoproteins formed to transport triglycerides from intestinal 
absorption to the li\e r. The VLDL are formed in the liver and contain mainly 
triglycerides from NEFA reesterification or from dietary sources. The VLDL are 
exported out o f the liver to peripheral tissues. The LDL. which contain cholesterol and
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cholesteryl esters as main lipid components, are formed as remnants o f VLDL 
metabolism. The HDL are the most abundant lipoproteins in ruminants, and their role is 
to remove cholesterol from tissues. The liver removes HDL from circulation to 
metabolize the cholesterol into other compounds such as steroid hormones, or bile salts 
to be excreted into the intestine through the bile (Bauchart. 1993: McNamara, 1991; 
Mayes. 1996c).
Bovine lipoprotein metabolism is distinctive from non-ruminant animals and 
humans mainly for two reasons: 1) ruminants normally consume low fat diets (<3% o f 
DMI) compared to other species (>10%). and 2) ruminants have a more constant supply 
o f energy from the digestive tract (Palmquist. 1976: Emeiy. 1979; Chillard. 1993). The 
different lipoproteins in cattle are responsive to the physiological state o f the animal. 
Lactation imposes a great demand for nutrients such as glucose, amino acids, and fatty 
acids. The VLDL are a source o f these fatt) acids needed for m ilk fat synthesis. During 
early lactation (<120 DIM) VLDL are at their minimal blood concentrations, thus 
reflecting a high removal rate by the mammaiy gland. The HDL are at their highest 
concentration during this same period, and this is also indicative o f the high metabolic 
rate o f VLDL during the early phases o f lactation. It is not until the drv- period that blood 
VLDL concentrations increase as a result o f decreased energy and fatty acid requirements 
(Bauchart. 1993: Raphael, et al.. 1973a: Raphael, et al.. 1973b; Puppione. 1978).
These changes in blood lipoprotein concentrations maybe explained by insulin 
regulation o f lipoprotein lipase activity. In muscle and adipose tissues insulin increases 
the activit) o f this enzyme, but lipoprotein lipase is down-regulated by insulin in the 
mammary gland. This can partially explain the low milk fat response when high grain 
diets are fed to dairy cows, since these diets promote higher insulin levels (Rao. 1973: 
Palmquist. 1976: Emery. 1979: Bines. 1982: Herbein. 1985: Kelly. 1991: McNamara, 
1991; Mayes. 1996c).
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To evaluate the effects o f high grain diets on lipoprotein metabolism in dairy cows, 
Grummer and Davis (1984) fed diets containing either 50% or 16.8% forage (as 
percentage o f DMI). While m ilk yield was not affected by treatment, m ilk fat percentage 
and yield were decreased in cows fed the high grain diet. Plasma lipoprotein 
concentration was not affected by treatment. The only difference observed in lipid 
composition o f lipoproteins was an increase in cholester> l esters in HDL o f cows fed 
high grain diets. These researchers concluded that m ilk fat depression observed in cows 
fed high grain diets was not a response to differences in lipoprotein blood concentration. 
Milk Fat Synthesis
Triglycerides are the main constituent (97-98%) o f milk fat. with phospholipids and 
other lipids contributing the remaining 2 to 3%. Species and diet are the two main 
sources o f variation that explain the different fatty acid profiles in m ilk fat found in 
nature. The mammaiy gland in the ruminant animal depends mainly on two fatt} acid 
sources for m ilk fat synthesis: VFA produced in the rumen (e.g. acetate and butyrate) and 
long chain fatty acids either from CM. VLDL or NEFA. Each source contributes 
approximately 50% o f the fatty acids needed for milk fat synthesis (Glascock and Welch. 
1974: Palmquist and Mattos. 1978; Larson. 1985).
Acetate is converted to acet>lCo.A and is then metabolized by acetylCoA 
carboxylase into malonylCoA for use in fatt}' acid synthesis. But}Tate is converted to P- 
hydroxybut}Tate (BHB). a more soluble form, at the rumen wall and is then transported 
via blood to other tissues. BHB is used as a primer molecule in m ilk fat s}uthesis. 
MalonylCoA is added to BHB by the actions o f fatt} acid synthetase to form fatt} acids 
o f up to 14 to 16 carbons in length (Larson. 1985; Mayes. 1996b). The mammar} 
lipoprotein lipase hydrolyses the triglyceride o f the CM or VLDL. and the absorbed fatt}' 
acids w ill be directly incorporated into m ilk fat. As mentioned pre\iously the activit} o f
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lipoprotein lipase is reduced by the actions o f insulin when high grain diets are fed (Van 
Soest. 1963; Varman and Schultz. 1968).
Even though the early lactation cow loses body reserves, adipose tissue remains 
active. Dietar\ acetate promotes fattv’ acid svTithesis in adipose tissue, but the low insulin 
levels diminish the activit) o f triglyceride formation. As a result NEFA are not stored 
and therefore are released into circulation (Ballard et al.. 1969: Emeiy . 1979). With the 
initiation o f lactation, fat synthesis is increased by the mammaiy gland. Fatty acids are 
not oxidized, but rather are used for fat synthesis. This can partially be explained by the 
increase in mammary glyceride synthetic activity- (Shirley et al.. 1973; Emeiy 1979),
Glucose requirements can increase dramatically with the onset o f lactation. The 
liver o f a cow producing 30 kg o f m ilk containing 5% lactose must provide 1.5 kg o f 
glucose from gluconeogenesis. Glucose is important for milk production because o f its 
role in lactose and glycerol synthesis. The fatty acids formed are esterified to glycerol to 
form triglycerides. This esterfication occurs in an orderly fashion yvith specific fatty 
acids esterified in each position. Triglycerides formed in the mammary gland are 
packaged in the Golgi apparatus for further release by secretory vesicles. As the 
mammary cells secrete these secretory vesicles containing fat. some o f the cell membrane 
is lost, which is replenished yvhen secretory vesicles secrete casein and other non fat 
solids into the lumen by exocytosis (Larson. 1985).
Metabolic Disorders Related to Lipid Metabolism
The dairy cow is the primary model in which to study lipid related disorders in farm 
animals. The metabolic and hormonal changes imposed by lactation can jeopardize her 
health and productivit). Two common diseases that often occur in lactating cows are 
ketosis and fatty liver. These diseases are normally correlated with other malfunctions o f 
metabolism (m ilk fever), digestion (acidosis and displaced abomasum), reproduction 
(retained placenta and metritis) and immune function (mastitis). Overconditioned cows
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are at a higher risk o f developing one or more o f these conditions. This is normally 
referred to as the fat cow syndrome (G off and Horst. 1997; Shearer and Van Horn. 1992; 
Bruss. 1997).
Ketosis. Acetonemia or ketosis is the result o f excessive accumulation o f ketone 
bodies in body fluids. In the early lactation cow. through the increase in somatotropin 
and decrease in insulin concentrations, tissues become more insulin insensitive. As a 
result, glucose is redirected to the mammary gland for lactose synthesis (main regulator 
o f m ilk volume) (Larson. 1985) and energy use. Dry matter intake is limited because 
rumen absorption has not been maximized. Therefore, the nutrient absorption .is not 
sufficient to supply enough gluconeogenic precursors (Ballard et al.. 1969; Goff and 
Horst. 1997; Shearer and Van Horn. 1992; Gu)ton and Hall. 1996a; Bruss. 1997). With 
this deficit, oxaloacetate is shuttled from the mitochondria to the cytosol for liver 
gluconeogenic purposes. Without oxaloacetate. citrate can not be synthesized resulting in 
acetylCoA accumulation. AcetylCoA is then converted to ketone bodies such as P- 
hydroxybutyrate (BHB). acetoacetate. and acetone. Acetone is synthesized by the 
decarboxylation o f acetoacetate which is then transported through the blood and exhaled 
through the lungs, giving the cow a characteristic acetone smell in her breath. These 
ketone bodies can also be found in m ilk and urine and can be measured with commercial 
kits for diagnostic purposes (Ballard et al.. 1969; G off and Horst. 1997; Bruss. 1997; 
Geishauser et al.. 1998).
Even though acetoacetate and P-hydroxybut>Tate are weak acids (pKa = 3.58 and 
4.41 respectively), excessive accumulation can lead to systemic acidosis. Ketotic cows 
tend to have lower DMI in comparison to healthy cows due to the actions o f ketone 
bodies in the brain. The brain normally requires glucose, but in severe prolonged ketosis 
it adapts to utilize ketone bodies as a source o f energy. Normal blood level o f BHB are
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reported to range from 0.25 to 0.75 mM and ketotic cows can reach levels as high as 1.5 
mM (G off and Horst. 1997; Bruss. 1997).
There is a metabolic paradox when it comes to ketosis in dairy cattle. It is well 
documented that ketosis is a metabolic disease that can put herd health and productivit) 
at risk. On the other hand, cows that do not experience subclinical ketosis are also the 
low producers in the herd. Attention should be given to management practices that 
minimize the rapid mobilization o f fat reserves and maximize feed intake to provide 
enough gluconeogenic precursors. Some o f these management practices are to increase 
non-fiber carbohydrates in the close-up period, increase DMI. make gradual ration 
changes to increase rumen papillae size, and use ionophores like monensin or lasalocid 
that shift rumen fermentation to a higher propionate to acetate ratio. These practices have 
shown positive results in minimizing the detrimental effects o f ketosis in dairy cows 
(Grummer. 1997: Grummer. 1998; Green et al.. 1999; Rajala-Schultz et al.. 1999).
Fatty Liver. The dairy cow in early lactation experiences bod\ fat mobilization due 
to the actions o f a high somatotropin to insulin ratio. Lipolysis from adipose tissue leads 
to an increase in blood NEFA levels which then are reesterified in the liver into 
triglycerides and exported to extrahepatic tissues as VLDL for further use. In excessive 
fat mobilization, the liver is overwhelmed and can no longer export Tg at the same pace 
at which NEFA are being removed from circulation. NEFA are then esterified into 
triglycerides that have the potential to accumulate in the liver, causing cell damage and 
potentially developing into cirrhosis. A t the same time, glycerol becomes limited due to 
increased gluconeogenesis and therefore is less available for estérification o f free fatt>' 
acids. This further exacerbates the damaging condition in hepatic cells (Goff and Horst. 
1997; Rukkwamsuk et al.. 1998).
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Ruminants depend almost entirely on gluconeogenesis to supply glucose demand 
because there is little to no glucose absorption from the lower gut. The liver markedly 
increases oxygen consumption during lactation partially due to the increase in 
gluconeogenesis and ureagenesis activit}' to supply the necessary glucose for maintenance 
and m ilk production. Liver cell damage resulting from fatt>' liver disease can diminish 
the acti\ it) o f gluconeogenic enzymes as well as lower their concentrations. This w ill 
further contribute to the existing shortage o f glucose and prolong lipolysis during the first 
week o f lactation (Huntington. 1984: G off and Horst. 1997: Freetly and Ferrell. 1999: 
Rukkwamsuk et al.. 1999).
Choline
Choline, a P hydrox\Tnethyltrimethylammonium hydroxide, is still classified as a 
vitamin o f the B complex: however, it does not meet the strict definition o f a vitamin 
because its role is structural rather than serv ing as a coenzvme. The body can furnish 
almost all the choline that is needed, but in situations o f rapid growth, pregnancy or 
lactation, requirements can not be met. It has different physiological functions as a 
methyl group donor, as a lipotropic factor, and as a constituent o f phosphatidylcholine, 
sphingomyelin, and the neurotransmitter acetylcholine (McDowell. 1989: Bender. 1992: 
Combs. 1992).
Choline as a Phospholipid Constituent
The phospholipids are the primaiy structure in physiological membranes. These 
phospholipids are formed by a glycerol molecule to which two fattv acids and a 
phosphate are esterified. and an alcohol is esterified to the phosphate. The properties o f 
phospholipids depend on the tvpe o f fattv acids esterified to the glycerol moiet) and the 
alcohol group esterified to the phosphate. Both phosphatidylcholine (lecithin) and 
sphingomyelin are phosphoglycerides mainly found in the outer side o f cell membranes, 
and their alcohol group is choline. Lecithin is also important in lipoprotein formation.
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especially for the VLDL which remove triglycerides from the liver and prevent fattj’ liver. 
For its function in fat metabolism, choline has been named a lipotropic agent like 
methionine (Met) and betaine (McDowell. 1989; Bender. 1992; Combs. 1992; Erdman. 
1992).
Lecithin is formed by the méthylation o f phosphatidylethanolamine (PE). The PE 
has two main formation routes, either through the phosphorylation and estérification o f 
choline or by the decarboxilation o f phosphatidylserine (PS). Choline sjmthase is the 
regulator) enzyme in the pathway which methylates PE with 3 methyl groups from 
Sulfur-Adenosyl-Methionine (SAM) to form lecithin, but this enzvme can be inhibited by 
2-amino 2-methyl-l-propanol (2AMP) (Wilson et al.. I960; McDowell. 1989; Bender. 
1992; Combs. 1992). The addition o f 2AMP has inhibited choline utilization by the 
kidney but not by the liver in rats in vivo, but the opposite occurs in vitro. This inhibitor 
seems to affect choline dehydrogenase activit) (Wells. 1955). Also. 2AMP affects the 
utilization o f methionine to form choline from ethanolamine in rats (Wells. 1956). 
Choline Functions: Transmethylation Metabolism
Méthylation, or one carbon metabolism, is important in mammals because this 
pathwa) services biological membranes, is required in purine and pjrim idine formation, 
serves to differentiate molecules like DNA from RNA. and is used in amino acid and 
DNA metabolism. Choline is the primaiy molecule that donates methyl groups through a 
series o f reactions involving betaine. folic acid, cobalamin. Met. and homocysteine. 
Choline oxidation occurs in the mitochondrial matrix, and the inner membrane has a 
specific transponder for choline mobilization (Porter et al.. 1992; Brody. 1994).
Choline, a five carbon molecule, donates three carbons to form glycine. Choline is 
oxidized to betaine aldehyde by choline dehydrogenase. The first donation occurs by 
transferring a methyl group from betaine to homocysteine to form Met by betaine- 
homocysteine methyltransferase. Another two methyl groups are donated to tetrahydro
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folate (THF) to form N ^ '°  methylene THE, with glycine as the end product o f these 
reactions. Tetrahydrofolate is the active methyl group carrier used in the S-Adenosyl- 
Met (SAM) cycle or in other méthylation reactions including DNA metabolism. One o f 
these transfers occurs from sarcosine (monomethylglycine) to glycine by the enzyme 
glycine N-methyltransferase. Then glycine can donate another methyl group either by­
conversion to serine or by being oxidized to COt and NH^^. In either case the methyl 
group is transferred to THF to form methylene THF (Du Vigneaud et al., 1941; 
Muntz. 1950; McDowell. 1989; Bender. 1992; Combs. 1992; Brody. 1994).
Choline in Human Nutrition
Cirrhosis can be defined as the appearance o f scar-like lesions in tissues. This 
disease occurs normally in liver and kidne\s o f individuals fed choline deficient diets, 
and such a deficiency may also alter pancreatic cell differentiation (Hoover and Poirier. 
1986). It is almost impossible to consume a choline free diet because choline is present 
as either the free form or as a constituent o f lecithin, and the liver can furnish some o f the 
requirements from phosphatidylethanolamine and Met. Total parental nutrition (TPN) 
requires choline supplementation to avoid deficiencies in these situations (Brody. 1994).
Gestation and lactation impose greater requirements for choline because it is 
actively transported across the placenta for fetal growth and through the mammary gland 
to be secreted in m ilk. Choline requirements may be greater during these physiological 
stages based on choline derivatives measured in rats (Zeisel et al.. 1995). During 
pregnancy choline supplementation increased brain choline and betaine concentration but 
did not affect acety lcholine release in rats (Gamer et al.. 1995).
The chemical forms o f choline present in humans, bovine or rat milk, or in infant 
formulas from bovine m ilk or soybean source differ from one another. Those forms 
include free choline or choline esters such as phosphocholine. glycerophosphocholine. 
phosphatidylcholine, and sphingomyelin. Human milk contains more phosphocholine
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and glycerophosphocholine than choline, phosphatidylcholine, or sphingomyelin. Rat 
m ilk contains choline esters in the form o f glycerophosphocholine and phosphocholine. 
and since the mammar) gland is able to synthesize these forms, blood choline esters are 
not the only source. M ilk choline concentration is very responsive to dietary level, but it 
is important to recognize what form is being measured. Choline and its derivatives in 
milk do not vary through a 72 h period or throughout lactation. .̂ Iso. in human m ilk 
there is no phospholipase activity to deesteri^ choline esters into free choline (Zeisel et 
al.. 1986; Rohlfs et al.. 1993; Holmes-McNary et al.. 1996).
Early stages o f choline deficiency can be evaluated by fatty acid infiltration in the 
liver which leads to fatty liver and other lipoprotein related diseases in rats. Choline 
deficient diets fed to rats rapidly increased triglyceride concentration in the liver 
(Lombardi et al.. 1968; Keith and Tryphonas. 1978). Lecithin is important not just as a 
constituent o f lipoproteins but also for their formation in the liver. The endoplasmic 
reticulum and the Golgi apparatus ha\ e appeared structurally abnormal in studies when 
choline or phosphatidylcholine were deficient. Other studies support the hypothesis o f a 
choline requirement for structural functions rather than just for methyl group donation 
(Lombardi. 1971; Brody 1994; Shin et al.. 1997). High fat diets (5. 10. 15%) fed to rats 
increased lipid deposition, but this deposition decreased when choline was added, 
especially in the highest fat diet. Methionine did not have a lipotropic effect other than 
stimulation o f choline synthesis (Percival et al.. 1970). In contrast, a study reported by 
Aoyama et al. (1971 ) showed a reduction in lipid accumulation in the liver when choline 
deficient diets were supplemented with methionine. Also, serine and glutamate exhibit 
some lipotropic properties, but they are secondary to choline and Met in the prevention o f 
fatty liver in rats. In a human study in which individuals were fasted for 7 days, there 
was a decline in plasma choline concentrations but no decline in plasma phosphatidyl­
choline concentrations. No apparent sign o f liver dysfunction either measured by alanine
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aminotransferase activity or by a decrease in lipoprotein secretion by the liver was 
observed (Savendahl et al.. 1997).
The Z protein or fattj- acid-binding protein is a hepatic cuosolic protein. It is 
responsible for the translocation and metabolism o f long-chain fatty acids. Choline 
deficient diets increased the hepatic concentration o f Z protein. The mechanism is not 
known, but it is probably related to an increase in fatt>’ infiltration in the liver (Dutta-Roy 
et al.. 1988).
Choline requirements largely depend on dietar) conditions as well as other factors 
such as age. Younger rats have higher requirements for both protein and amino acids, 
thus increasing those o f choline (Treadwell. 1948a; Treadwell. 1948b). A study 
conducted to evaluate the effects o f inorganic sulfur. Met. Cys. and choline suggested 
that the ratio between Met and Cys has a role in choline requirements. Total sulfur amino 
acids in the diet were the same, but ratios were different. In diets containing a 50:50 Met 
to Cys ratio, choline had a positive effect on growth. When Met was adequate or 
deficient, choline supplementation did not affect growth. In the absence o f choline, 
hepatic lipid nearly doubles its concentration. Inorganic sulfur had no effect on any 
variable (Byington et al.. 1972).
The rate o f oxidation o f the methyl groups o f choline, betaine and sarcosine are 
similar to those o f methionine. The metabolic pathway in which Met methyl groups are 
oxidized is independent o f the Met used in choline and betaine metabolism. Methionine 
methyl groups are still oxidized even in the presence o f excess choline and betaine (Case 
et al.. 1976). The activit) o f the enzyme glycine N-methyltransferase decreases rapidly in 
methyl deficient diets, but levels o f the enz)me did not change. The SAM levels 
remained the same while Sulfur-Adenosyl-Homocysteine was rapidly increased in methyl 
deficient diets (Cook et al.. 1989).
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The interrelationships between choline and folic acid have been studied. Choline 
deficient diets depleted hepatic folate in rats. Likewise, when folate deficient diets are 
fed. rat hepatic choline concentrations are diminished (Kim  et al.. 1994). Levels o f 
methionine and vitamin B ,, are important factors in the rate o f méthylation o f folate 
(Jagerstad et al.. 1980).
Choline and carnitine share a common structure, as both are trimethylated 
quatemaiy amines, but they do not share a common function. Carnitine is involved in 
fatt>- acid transport across the inner mitochondrial membrane into the mitrochondrial 
matrix. Choline supplementation has decreased urinaiy excretion o f carnitine by 50% 
with no effects on plasma levels in humans and guinea pigs (Daily and Sachan. 1995; 
Dodson and Sachan. 1995). In the rat. choline supplementation increases carnitine 
synthesis in the liver and increases its concentration in the heart and kidney (Rein and 
Sheard. 1994; Sheard and Krasin. 1994; Rein et al.. 1997).
Choline in Nonruminant Nutrition
While requirements for choline in rats and humans have been indicated in previous 
research, poultr}' and swine have requirements for this vitamin as well. The levels 
required appear to be variable and affected b\ other nutrients, especially Met. There is a 
body o f evidence suggesting that choline is required for these non-ruminant species, and 
interrelationships with other nutrients have been observed.
The recommended choline levels for broiler chickens is 1.300 mg/kg and 750 
mg/kg for the growing and finishing phases, respectively (NRC. 1994). The 
recommendations for growing poults ranges from 500 to 1.300 mg/kg and for laying hens 
is suggested to be 105 mg/kg when intake is limited to 100 g o f feed. Broiler chickens 
during the 7 '̂  wk o f life  responded linearly to choline levels from 0 to 700 mg/kg. and 
least squares analysis suggested a requirement o f 358 mg/kg. Feed efficiency and choline 
replacement with Met and betaine did not affect growth performance (Molitoris and
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Baker. 1976b). Choline levels greater than 1.250 mg/kg did not affect feed intake, body 
weight gain, or feed efficiency. Choline supplementation increased feed efficiency only 
in Met deficient diets fed to young turkeys (Blair et al.. 1986). Choline requirements for 
growth in young chicks were not influenced by dietary Met in one study (Molitoris and 
Baker 1976c). but were influenced in another (Ketola and Nesheim. 1974) In both 
studies when a higher crude protein diet (24% CP) was fed. choline requirements 
increased markedly.
The interactions between choline. Met. Cys. sulfate and vitamin B,, 
supplementation have been varied. Choline increased ADG and feed efficiency in 
comparison to basal diets limited in methionine, but these parameters were similar to the 
diets adequate in methionine and cystine. Response to choline -r sulfate did not differ 
from those o f choline alone, and vitamin B , 2  did not affect growth variables (Tillman and 
Pesti. 1986). Choline supplementation (3.032 or 1051 mg/kg o f total choline) to a 
canola-soybean meal based diet did not affect ADG or feed efficiency (Summers and 
Leeson. 1985). Folic acid requirements for broiler chicks increased from 1.2 mg/kg to 
1.3 mg/kg when fed low choline diets instead o f feeding at NRC choline requirements 
(1.300 mg/kg).
Copper and Met have been shown to be antagonists in intestinal absorption (Jensen 
and Maurice. 1976). Copper is t>pically fed in excess o f recommended levels ( 8  mg/kg 
vs. 400 to 1.000 mg/kg) because o f its growth promoting properties (Fisher. 1973). 
Methionine requirements were greater when pharmacological levels o f copper were fed to 
chicks, but these higher methionine requirements were not alleviated by feeding choline 
(Wang et al.. 1987). The activit) o f the enzymes o f the SAM cycle and choline oxidation 
pathway in chick liver have not been affected either by Met or choline levels or their 
combinations (Sanderson and MacKinlay. 1990). The activities o f the hepatic enzyme
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betaine-homocysteine methyltransferase increases in diets deficient in Met with excess 
choline and betaine (Emmert et al.. 1996b).
When com-soybean meal-meat meal diets, deficient in Met have been supplemen­
ted with choline (0. 500. 1.000 mg/kg) growing hens were not affected by treatment, but 
egg production was increased. These results suggest that in unsupplemented Met diets 
choline requirements range between 1.000 mg/kg to 1.500 mg/kg (Tsiagbe et al.. 1982). 
On the other hand when com-soybean meal diets adequate in Met have been fed to hens 
(50 wk old) choline supplementation (0. 55. 110. 220. 440. 880 mg/kg) did not affect egg 
production (Ruiz et al.. 1983). Choline increased egg production when fed in Met 
deficient diets. The addition o f sulfate to choline supplemented diets has shown a 
positive response, but no differences were found when Met was sufficient (Harms et al.. 
1990: Miles et al.. 1986). These results are in contrast to those o f Keshavarz and Austic 
(1985) in which Met. choline or the combination o f both tended to increase egg 
production. However, choline failed to increase egg size in comparison to Met.
Harms and Miles (1984) reported improved body weight gain in chickens fed 660 
mg o f choline/kg in Met deficient diets. Additionally, they obser\ed no interaction 
between choline and sulfate supplementation. Methionine and choline supplementation 
has produced variable responses in relation to dietar} protein. In laying hens fed low 
(14%) CP diets, both Met and choline affected egg production. However, the responses 
were greater for the Met in comparison to choline. In high crude protein diets (16%). 
only Met supplementation affected egg production (Parsons and keeper. 1984).
In addition to increasing egg production, supplemental choline and Met have also 
been shown to affect egg composition. Egg phosphatidylcholine (PC) and phosphatidyl­
choline to phosphatidylethanolamine (PE) ratio were increased, and PE was decreased by 
dietar) choline levels o f 500 or 1.000 mg/kg. Effects on lipid constituents were similar 
when 125 to 250 mg/kg o f Met were fed. but results were lower than those observed with
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choline. Altering these lipid components are important in the poultr) industrv’ as yolk 
weight is correlated to phospholipids. PC and PC:PE ratio (Tsiagbe et al.. 1988).
Choline requirements are highly variable. Betaine. protein, and sulfur amino acids 
affected poultry' choline requirements (Pesti et al.. 1981; NRC. 1994). L o w t ) '  et al.. 
(1987) found that 75% o f the chicken choline requirement must be supplied by choline 
itself, and the remaining 25% can be met by betaine. In choline deficient diets, chicks 
responded not only to choline supplementation but also to L-Met. L-Cys betaine. and 
sulfate supplementation (Pesti et al.. 1981). Choline supplementation can increase 
growth in Met deficient diets, and the response can be greater i f  inorganic sulfate is added 
to the diet. There was no further response when diets were adequate in Met (Miles et al..
1983).
The availabilit)' o f choline from different feedstuffs is also variable. There is 
evidence that choline from soybean meal based diets is more available than from 
rapeseed meal diets. The rapeseed meal diets produced more trimethylamine. an 
odoriferous by-product o f choline metabolism in the caecum (March and MacMillan. 
1980). No differences have been detected in choline chloride and crude soybean lecithin 
in providing absorbable choline at the small intestinal level in chickens (Budowski et al.. 
1977). The choline availabilit) for chickens from dehulled soybean meal has been 
estimated to range between 60 to 75% (Molitoris and Baker. 1976a). and choline from 
soy lecithin (either fluid or deoiled) has been fully utilized for maximum growth and 
prevention o f perosis (Lipstein et al.. 1977: Emmert et al.. 1996a).
The recommended choline requirements for growing and finishing pigs are 600 and 
300 mg/kg. respectively (NRC. 1998). For pregnant and lactating sows choline 
requirements are suggested to be 1.250 and 1.000 mg/kg. respectively. It has been 
reported in trade magazines since the 1970's that commercial swine diets should be more 
closely evaluated for choline levels (Brown. 1976). Choline supplementation has not
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resulted in a positive response in growing or finishing pigs when fed com-soybean meal 
diets with different crude protein levels (11%. 13% or 15%, NRC. 1980). On the other 
hand. Russett et al. (1979b) did report a choline requirement in low protein diets with 
limited (0.32%) methionine levels. Young pigs fed diets adequate in crude protein (18% 
and 23%) in combination with adequate Met levels (0.22% to 0.46%) did not benefit 
from choline levels exceeding 560 mg/kg (Russett et al.. 1979a). Choline
supplementation to weanling pigs did not improve gain or feed efficiency, but when
combined with inorganic sulfate. ADG was improved. Choline and methionine together 
improved ADG when compared to basal diet + methionine. The addition o f choline + 
methionine + inorganic sulfate had an interactive effect, but this effect was not greater 
than the combination o f two factors (Lovett et al.. 1986).
Excess choline supplementation has been studied in growing pigs. A level o f
2 . 0 0 0  mg/kg supplemental choline has shown to have adverse effects on growth, but feed 
efficiency was not affected. .Also, duration o f excess choline supplementation is a factor 
affecting growth, as longer periods are needed to observe differences (Southern et al.. 
1986).
In lactating gilts fed low (12%) or high (16%) crude protein diets in combination 
with choline (0 vs. 882 or 0 vs. 551 mg/kg), conception rates were not affected. 
However, choline tended to increase pig weight at 42 d o f age and litter weight at 21 or 
42 d o f age. A higher choline effect was obserx ed in those gilts fed the low protein diet, 
but no choline-protein interaction was obserxed (Maxwell et al.. 1987). Choline 
supplementation (220 vs. 770 mg/kg) prior to parturition and during lactation has not 
improved preweaning pig performance when fed to crossbred sows (Boyd et al.. 1982). 
Crossbred gilts fed choline supplemented (0 vs. 880 mg/kg) diets with 15% CP did not 
differ in number and body weight o f pigs weaned per litter (Komegay and Meacham.
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1973). The diets had 833 and 1508 mg/kg o f analyzed choline for the control and 
treatment group, respectively.
Purebred Yorkshire gilts were used to study reproductive performance with three 
different levels o f supplemental choline (0, 412 and 824 mg/kg). Gilts receiving 
supplemental choline had higher conception rates (57 vs. 73%), farrowing rates (62 vs. 
78%). more pigs per litter (9.3 vs. 10.1). more live pigs per litter (8.0 vs. 9.1), are weaned 
more pigs per litter (7.3 vs. 6 .6 ). There were no differences between the two levels o f 
choline, suggesting that 412 mg/kg o f supplemental choline is adequate for this type o f 
gilts (Stockland and Blaylock. 1974). When choline is supplemented to diets with tallow, 
there has been a tendency to increase piglet survival rate, but choline did not have an 
effect on either m ilk fat secretion or blood glucose levels (Cast et al.. 1977). 
Reproductive performance o f Yorkshire gilts and sows was not influenced by choline 
supplementation (434 mg/kg), but Lacombe gilts may require additional choline for 
optimum performance (Grandhi and Strain. 1981).
Choline in Ruminant Nutrition and Metabolism
Previous research with rodents, poultrv and swine has shown beneficial responses 
in hepatic lipid metabolism, growth, or egg production with choline supplementation. In 
the mminant animal studies have focused on the effects on rumen protozoa and at a 
systemic level. These rumen microorganisms seem to have an absolute requirement for 
choline, but systemic responses in the animal have been disappointing based on the 
extensive degradation o f choline in the rumen.
Swingle and Dyer (1970) studied the effects o f rumen microbial metabolism in 
steers fed a ration containing 30% alfalfa and 70% concentrate supplemented with 
different levels o f choline. The treatments included 0 . 500. 1 .0 0 0 . and 1.500 mg o f 
choline/kg o f ration. The VFA production and microbial numbers were measured in 
rumen fluid from treated steers. No significant difference was found for in vitro VFA
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production. Both bacterial and protozoa numbers were affected by treatment after four 
hours o f incubation. Treatment with 500. 1.000 and 1,500 mg o f choline/kg resulted in 
bacterial counts o f 17.1. 16.7. and 17.6 xlO** cells/mL. respectively. These counts were 
significantly higher as compared to control, which averaged 15.3 xlO’’ cells/mL. 
Protozoa counts were lower in the group fed 1.000 and 1.500 mg/kg (3.2 and 3.8 
cells/mL) compared to those animals fed 0 to 500 mg/kg (4.8 xlO ' cells/mL in both 
groups) o f supplemental choline. This study suggests that the rumen microbial 
population is affected by choline levels, and the effects are opposite for bacteria 
compared to protozoa.
The rumen protozoa Entodinium caudatum lacks the abilit) to incorporate methyl 
groups on phosphatidylethanolamine to synthesize lecithin and choline is an essential 
nutrient for normal growth o f this protozoa species (Broad and Dawson 1976; Bygrave 
and Dawson. 1976). Bygrave and Dawson (1976) investigated the phosphatidylcholine 
(lecithin) enzyme system, including location, cofactor requirements and inhibitors as well 
as the rate lim iting step in the protozoa Entodinium caudatum. This rumen protozoa 
appears to have a higher concentration o f phosphatidylcholine in its cell membrane in 
comparison to other protozoa species, but it lacks the ability o f incorporating methyl 
groups to phosphatidylethanolamine to synthesize lecithin. The enzNine choline kinase, 
which phosphorylates choline to form phosphoiy lcholine. is located in the cell membrane 
and requires M g-' as a cofactor. Free choline has not been observed in the cjlosol o f this 
protozoa, suggesting that choline absorption is dependent on the activit) o f this enzyme. 
Calcium ion inhibits lecithin synthesis at the CDP-choline-1.2-diacylglycerol choline 
phosphotransferase step. Choline phosphate c\iidyltransferase is the rate-limiting step in 
phosphatidylcholine biosynthesis. This enz)-me is responsible for the step in which 
phosphor\icholine is labeled with CTP to form CDP-choline. a necessar) step in lecithin 
formation. These researchers observed that the rate at which choline enters the cell is
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substrate-saturable (Km=20 mM). indicating that the choline entr\ into the cell does not 
occur by simple diffusion. Also, it was observed that phosphorylcholine was not 
absorbed into the cell.
Broad and Dawson (1976) examined choline as an essential nutrient for the rumen 
protozoa Entodinium caudatum. Their study suggested that choline requirements can not 
be met by ethanolamine. A-methylethanolamine. or A-dimethylethanolamine. They also 
indicated that lecithin is obtained from ingested feed rather than from the free choline 
(base) in the rumen fluid, which is \e r\ rapidly cleared from the rumen liquor 
environment. In fasted sheep, choline concentration in rumen liquor was < l nmol/mL. 
During two experiments in which sheep were fasted for either 24 or 17 hr prior to feeding 
600 g/hd o f grass hay. rumen free choline concentrations increased from <0.2 nmol/mL to 
0.8 nmol/mL immediate^ after feeding. These experiments suggest that choline from 
feed is either rapidl) metabolized into other compounds, absorbed by microbial cells, or 
absorbed across the rumen wall. The rumen wall appears to have choline pumps, but this 
last hypothesis lacks in evidence.
Neill et al. (1978) studied the pathway o f methyl group transfer o f choline. Met and 
carnitine in rumen fluid. This study suggested that the methyl groups o f choline are 
converted into methane, with trimethylamine as a intermediate o f this pathway . The 
methionine methyl group o f choline was also converted into methane, but those from 
carnitine were not. These results agree with those o f Neill et al. (1979) which shows that 
in sheep very little (20-25 mg/d ) non-esterifled choline reaches the small intestine.
Sharma and Erdman (1989a) studied the extent o f in vitro ruminai degradation o f 
choline from different sources including barley, com. com gluten meal, cottonseed meal, 
fish meal, soybean meal, alfalfa hay. timothy hay. choline chloride, and choline stearate. 
Rumen fluid was obtained from cows receiving a com and grass silage based ration with 
53.8% o f DM as concentrate feed. Com. com gluten meal, alfalfa hay and timothy hay
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had low choline values (<680 mg/kg), and therefore disappearance could not be 
determined. For the rest o f the feeds, the mean disappearance rates were 79.4. 84.7. 82.9. 
83.8. 98.0. and 98.6% for barlej'. cottonseed meal, fish meal, soybean meal, choline 
stearate, and choline chloride, respectively. Rumen degradation o f choline stearate and 
choline chloride were greater than other feedstuffs. From these results it can be 
concluded that selecting feedstuffs high in free choline has minimal advantage in 
increasing availability to the ruminant animal. Atkins and Erdman (1985) also reported 
rumen choline degradabilit) within the range o f 70 to 80%.
Goodson and Tuznik (1977) conducted a study in which choline supplementation 
was e\ aluated by rumen microbial population (bacteria and protozoa) in rumen fistulated 
wether lambs. The treatments o f 0. 750. 1.500. and 2.250 mg o f choline in 250 o f dHiO 
were administered through rumen fistulas The treatment levels were equivalent to 0. 500. 
1.000. 1.500 mg o f choline per kg o f feed. Bacterial numbers decreased and protozoal 
counts increased with increasing levels o f choline.
A study conducted by Erdman (1985) used three groups o f cows receiving choline 
by different routes. The groups consisted o f a control with no supplemental choline and 
two treatment groups receiving either dietary or abomasal choline (50 g/'cow daily in each 
group). No differences were detected when comparing the control to the dietary choline 
group, but differences o f 3.4 kg milk per day and 4 kg FCM per day were detected for the 
group receiving choline supplementation by abomasal infusion. It was concluded from 
this experiment that choline is a limiting nutrient for m ilk production, and dietary choline 
is an ineffective way to supplement this nutrient.
Harris et al. (1966) fed feedlot steers a finishing ration with 20% grass hay. 
Treatment groups were either 0 or 5.53 g/d o f choline. Neither carcass characteristics, 
rate o f gain or feed efficiency were affected by treatment. Rumsey and Oltjen (1975) 
studied sulfur and choline supplementation in feedlot steers consuming a 1 0 0 %
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concentrate diet. Sul Air levels were either 0 or 0.14%. and choline levels were either 0 or 
750 mg/kg. Treatments did not affect carcass characteristics. Sulfur supplementation 
improved feed efficiency by 7%. and choline increased feed efficiency by 7.8%.
Rumsey (1985) conducted a trial to study the effects o f choline supplementation on 
incidence o f rumen lactic acidosis in feedlot steers consuming an all concentrate diet. 
Treatment included 0. 750. and 1.500 mg/kg o f choline as choline chloride and 750 
mg/kg o f choline as choline stearate. Choline supplementation did not affect daily gain 
or carcass merit. Also, rumen fermentation patterns and ruminai lactate concentrations 
did not differ among treatments. Blood metabolites were affected by treatment,, with 
decreased glucose (76.5 vs. 93.2 mg/dL) and triglycerides (97.8 vs. 131.6 mg/dL). 
Choline supplemented steers, regardless o f source had higher concentrations o f total 
circulating lipids (0.36 vs. 0.29 g/d.L) as well as cholesterol (109.6 vs. 99.3 mg/dL).
Emmanuel and Kennelly (1984) conducted an experiment to study the kinetics o f 
Met and choline as methyl donors using the lactating goat as a model. Primed constant 
infusions o f these two compounds were used. Results suggest that labeled Met had 
several routes: 2% was recovered in the plasma serine pool. 3.7% in m ilk proteins. 10% 
was oxidized to COn. 28% was used in choline synthesis, and 4% was recovered in the 
phospholipid pool. Methionine contributed 6 % to the choline pool. Labeled choline 
contributed to the phospholipid pool by 19%. As a reference, lecithin is the major 
fraction (80%) o f the phospholipid pool in goats. Little radioacti\ ity was found in the 
milk fraction, but m ilk fat contained 1 0  times more radioactive labeled choline than 
labeled Met when infusions o f both were compared.
Choline in Dair> Cattle Nutrition
The study o f water soluble vitamins in dair\ cattle nutrition has been limited due to 
their extensive rumen degradation. Abomasal and duodenal caimula techniques have 
been used to measure effects o f these vitamins at the systemic level and to determine the
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extent o f rumen degradation. Choline has been studied in relationship to lipid 
metabolism, especially in m ilk fat synthesis, but not in VLDL and fat transport out o f the 
hepatic tissue as in non-ruminant species.
Atkins et al. (1988) conducted three experiments to evaluate the effects o f choline 
supplementation in earl\ and mid lactation cows and in choline flow in steers. In the first 
experiment (early lactation) the choline levels used were either 0 or 3.000 mg/kg o f DM. 
Dr\ matter intake, m ilk yield, fat-corrected milk, m ilk components, serum triglycerides. 
NEFA. rumen molar percentage o f acetate and propionate, acetate to propionate ratio, 
and pH were not affected by treatment. In the second experiment (mid-lactation) choline 
treatments were either 2.500 or 5.000 mg/kg o f DM. Again. dr\ matter intake, milk 
yield, fat-corrected milk, and m ilk composition were not affected by treatment. The third 
experiment involved use o f a single dose o f 27 g/d o f choline. There was no effect o f 
treatment on feed intake, molar percentages o f individual VFA (acetate, propionate, and 
but>Tate). and the acetate to propionate ratio. The rumen degradabilit) (73.9%) was not 
affected by treatment, .although not significant, the duodenal flow o f choline was 13.7 
g/d for control and 16.6 g.'̂ d for treatment. The results from this study suggest that 
choline fed in a ruminally unprotected form has negligible advantage to the dair\ cow at 
the systemic level.
Sharma and Erdman (1988b) studied the effects o f supplementing high amounts o f 
choline in an attempt to o\ erwhelm bacterial degradation and increase choline flow to the 
duodenum to possibly affect production response. For this purpose two experiments 
were designed using mid and late lactation cows. In the first experiment (late lactation) 
choline levels were 0. 10.000. 20.000 mg/kg o f DM. Recover) o f choline at the 
duodenum was ver\ low (less than 1 % o f choline intake) indicating high rumen 
degradabilit) even at high doses, but recover) increased linearly as choline increased 
(1.2. 1.3. and 2.5 g/d). Choline supplementation changed rumen pH quadratically
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possibly due to the fact that choline is a basic compound. Total rumen VFA 
concentrations were not affected by treatments, but differences were detected in 
individual VFA. Molar percentage o f propionate was lower in cows fed 10,000 mg o f 
choline/kg. Butyxate and rumen NH3  concentrations also change quadratically. with high 
rumen ammonia levels probably due to release o f choline nitrogen. The acetate to 
propionate ratio changed linearly with increasing levels o f dietary choline. The second 
experiment (mid lactation) had the same arrangement o f treatments as the first. Dry 
matter intake was depressed (18.4. 18.2. and 16.7 kg/d) as choline levels increased. 
However, m ilk yield, fat-corrected milk and m ilk components were not affected by 
treatment. These results suggest that overwhelming the rumen bacteria population with 
high amounts o f choline w ill not increase levels reaching the small intestine.
Grummer et al. (1987) examined the effects o f daily abomasal infusion o f either 22 
g o f choline. 37 g o f myo-inositol. 325 mL o f soy oil or 900 mL o f soy lecithin (33% soy 
oil. 19.8% phosphatidylcholine. 19.8% phosphatidylethanolamine. and 21.2% 
phosphatidylinositol). Early lactation cows (mean DIM = 91) were used in a latin square 
arrangement o f treatments. Soy lecithin depressed DMI compared to dHiO-control (18.0 
vs. 21.1 kg/d), but other treatments showed no response. M ilk yield, m ilk protein 
percentage or yield were not affected by treatment. Fat corrected milk yield (3.5% fat) 
and milk fat percentage and yield were higher for the soy lecithin group compared to the 
control or to the soy-oil treatment. Triglyceride rich-lipoproteins increased with the soy- 
lecithin group compared to control (30.1 vs. 16.2 mg/dL). Plasma glucose concentrations 
decreased in the soy lecithin and choline groups compared to control (64.3. 63.6 mg/dL. 
and 67.8 mg/dL). To explain the possible effects o f soy-lecithin over other treatments, 
these researchers suggest that choline or inositol did not affect triglyceride digestion and 
absorption. These compounds are probably needed in phospholipid form as found in soy
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
28
lecithin. Even when soy oil was added, plasma triglyceride rich-lipoprotein levels were 
not affected possibly because phospholipids were needed in fat digestion.
Choline has been proposed to increase milk fat synthesis. Sharma and Erdman 
(1988a) conducted a study with abomasal infusions o f choline (30 g/d) or Met (45.6 g/d) 
in 2 L/d o f water from wk 2 to wk 5 o f lactation. At wk 4. 2-amino 2-methyl-l-propanol 
(2AMP) was added to the infusions. Dr\ matter intake, m ilk yield and fat-corrected m ilk 
(4%) were not affected by treatment. M ilk fat percentage and yield were different among 
treatment. In both cases choline infusion resulted in higher m ilk fat (4.08% vs. 3.63%. 
and 1.14 vs. 1.05 kg/d). Blood metabolites were not affected by treatment. .These 
metabolites had overall mean values o f 18.3 mg/dL for triglycerides. 4.2 mg/dL for 
NEFA. and 197.5 mg/dL for phosphatidylcholine. In the week o f 2.AMP infusion diy 
matter intake was not different among treatments. Choline + 2AMP increased milk yield 
(27.9 vs. 26.4 kg/d). 4% fat-corrected m ilk (28.0 vs. 24.8 kg/d), milk fat (4.01% vs. 
3.57%. and 1.12 vs. 0.95 kg/d), and m ilk protein (3.61% vs. 3.31%. and 1.01. 0.88 kg/d). 
Again, blood metabolites were not affected b\ these treatments. These results imply that 
choline is a more effective aid in milk fat synthesis than Met. perhaps because choline 
may be directly related to triglyceride transport from hepatic to extrahepatic tissues in the 
mammarv- gland. Also, it is suggested that 2AMP is an inhibitor o f Met as methyl donor 
in the dair\ cow.
Sharma and Erdman (1987) used choline abomasal infusions in two experiments to 
stud)' choline effects on milk fat synthesis. Choline levels for the first experiment were 
0. 30. 60. 90 g/d. M ilk yield was not affected by treatment. M ilk fat (2.82%. 3.41%. 
2.94%. 3.11%) and fat corrected m ilk (21.83. 24.39. 22.96. and 22.46 kg/d) tended to 
increased with the 30 g/d treatment. In the second experiment, choline levels were either 
0 or 40 g/d. In this case only m ilk \ie ld  was increased with supplemental choline.
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Sharma and Erdman (1989b) studied the effects o f choline abomasal infusion on 
m ilk production. The treatments in experiment 1 were 0 or 50 g/d o f choline either as 
dietar) supplement or abomasal infusion. M ilk yield and fat corrected milk were higher 
in cows receiving choline through abomasal infusion. In experiment 2 several levels o f 
choline abomasal infusions were used (0.30. 60. 90 g/d). and no differences in milk yield 
or FCM were obser\ ed. A third experiment utilized treatments o f either 0 or 40 g/d o f 
choline infused into the abomasum. M ilk yield was higher for those cows receiving 40 
g/d instead o f 0 g/d (31.9. 33.4 kg/d), but no differences were detected for m ilk fat 
percentage or 4% fat corrected m ilk. In experiments 2 and 3. blood lecithin levels were 
not affected by treatment. Atkins et al. (1992) conducted an early lactation study (from 
wk 5 to wk 8 ) in which dietary treatments o f either 0 or 3000 mg/kg o f choline were 
used. Dr) matter intake, m ilk yield, and m ilk fat secretion were not affected by 
treatment.
Erdman and Sharma (1986) fed different levels o f choline in one o f two trials to 
study effects on m ilk production and milk composition in early to mid lactation cows. 
Treatment levels were 0. 2.500 or 5.000 mg o f choline/kg o f ration diy matter. Neither 
milk yield nor m ilk fat were affected by treatment. In the second trial cows were 
assigned to a factorial arrangement o f treatments. Treatments were 30 or 60% com silage 
rations with or without choline (0. vs. 3.000 mg/kg). Again, neither milk yield nor m ilk 
fat were different among treatments. Dietar) choline did not induce a response in m ilk 
production or m ilk fat secretion.
Erdman et al. (1984) conducted two experiments to study the role o f choline in 
m ilk fat synthesis in daily cows consuming low forage diets. Treatments in the first 
experiment included 0. 1.500. 3.000 mg o f choline/kg o f concentrate for 12 wk. The 
ration contained 70% concentrate and 30% com silage. For total DMI the treatments were 
0. 2.143. and 4.286 mg o f choline/kg. Dry matter intake, milk yield and m ilk
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components were not affected by treatment. The rumen fermentation patterns, pH, molar 
% o f acetate, propionate, butyrate. and acetate to propionate ratio, and blood serum 
triglyceride were not affected by treatment, but NEFA tended to be higher for the 2.143 
mg/kg treatment (10.1 mg/100 mL) in comparison to the other treatments (7.6 and 4.6 
mg/100 mL for 0 and 4286 mg/kg. respectively).
The second experiment contained 0. 2.000. 4.000. or 6.000 mg o f choline/kg o f 
concentrate. The ration consisted o f 25% com silage and 75% concentrate, so treatment 
levels were 0. 2.667. 5.333. 8,000 mg/kg o f DM. Dry matter intake and m ilk production 
were not affected by treatment. The dr>' matter intake was lower (13.8 kg/d) in this 
experiment compared to experiment 1 (19.8 kg/d). Even though the authors did not 
provide a reason for the low DMI. it is probable that cows had acidosis as a result o f the 
lower level o f fiber in the diet (12% vs. 17.9% ADF for experiment 2 and 1. 
respectively). The com silage used in this experiment probably had more grain in 
comparison to other years. M ilk fat percentage, fat corrected milk, and fat yield 
responded in a quadratic fashion to choline treatments. These variables were 
significantly higher in cows fed 5.333 mg o f choline/kg (3.41%. 16.8 kg/d. 0.62 kg/d) 
compared to control (2.64%. 13.1 kg/d. 0.43 kg/d).
Rumen Protected Choline Supplements
Choline has been shown to be a nutrient that may be limited in dair>’ cow rations in 
relationship to m ilk fat metabolism, especially in the export o f fat from the liver through 
the formation o f lipoproteins to peripheral tissues. A lim iting factor in using choline 
supplements in ruminants is the fact that choline is degraded by rumen microorganisms, 
so a ver>- small amount reaches the intestines for absorption. For these reasons a rumen 
protected supplement would be beneficial to supply choline postruminally (Vincenzi. 
1995: Howie. 1997).
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Erdman and Sharma (1991) conducted two trials to evaluate a rumen-protected 
choline product. In the first trial, cows from wk 5 through wk 21 o f their lactation were 
fed rumen-protected choline at either 0. 585. 1.170. or 1.755 mg o f choline/kg o f DMI. 
Dr}’ matter intake, milk yield, and m ilk lactose, were not affected by treatment. M ilk fat 
(3.69. 3.18. 3.56. and 3.71%). and protein (3.30. 3.15. 3.10. and 3.23%) were affected by 
treatment in a quadratic fashion, while 3.5% fat corrected m ilk increased linearly by 
treatments. Plasma triglycerides. NEFA. and phosphatidylcholine were not affected by 
treatment. Treatments in the second experiment consisted o f four choline levels o f (0. 
600. 1.200. or 1.800 mg/kg) fed in either a 13.0 or 16.5% CP ration. Dry matter intake, 
milk fat percentage, and yield, and 3.5% fat corrected m ilk were not affected by CP or 
choline level. M ilk  yield (31.8. 31.7. 33.5. and 34.3 kg/'d) tended to increase linearly as 
choline levels increased. M ilk lactose percentage (4.99. 4.90. 4.90. and 4.95%) 
responded in a quadratic fashion to choline levels.
Deuchler et al. (1995) conducted a series o f experiments to evaluate m ilk choline 
as an indirect method o f choline absorption. In a 4 wk experiment, choline was 
abomasally infused at either 0 or 45 g/d. Choline secretion in m ilk increased in response 
to choline infusion ( 1.95 vs. 3.95 g/d). In the second experiment, a Latin square was used 
to study four levels o f choline supplementation. The treatments o f 0. 18.75. 37.5. or 
56.25 g/d o f choline increased m ilk choline secretions in a linear fashion. The third and 
last trial evaluated an experimental rumen-protected choline product. The treatments 
were either 0 or 50 g/d o f choline. Choline supplementation significantly increased milk 
choline secretion from 2.12 to 2.99 g/d. These experiments demonstrate that milk 
choline can be used as an indirect method o f assessing absorption o f dietary choline.
DiCostanzo and Spain (1995) utilized fort} cows to evaluate rumen protected 
choline (RPC) and rumen protected methionine (RPM) in a factorial design. The 
treatments were control. 15. 30 or 45 g/d o f choline and 25 g/d o f methionine. The
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experiment lasted from -20 to 100 DIM. Dry matter intake, milk yield, m ilk 
composition, body weight, body condition score, plasma NEFA. p-hydroxybutyrate. and 
glucose were not affected by treatment.
Puchala et al. (1998) used Alpine goats as a model to evaluate a rumen-protected 
choline (RPC) product and its effect in growth o f young ruminants for over 90 days. 
Three levels o f RPC were used (0. 800. 1.600 mglcg) to supplement a ration containing 
18% CP and 74% TDN. Diy matter intake was similar among treatments. Average daily 
gain and feed efficiency were affected linearly (162. 166. and 172 g/d. and 7.24. 7.04. 
6.84. respectively). Choline supplementation increased plasma choline levels in a linear 
fashion (2.96. 4.05. 4.94 pM). These results suggest that choline maybe a lim iting 
nutrient, and this RPC product delivers this compound for absorption.
Biyant et al. (1998) evaluated a rumen-protected choline product (RPC) in finishing 
lambs. The basal ration consisted o f 80% concentrate (steam flaked com base) for 56 
days and was supplemented with either 0. 0.25 0.5. or 1.0% RPC. Diy matter intake, 
average daily gain, and feed efficiency were not increased by treaunent. At d 28 growth 
hormone was affected by treatment (2.06. 2.59. 2.24. 2.35 ng/mL). but was similar at 56 
d. Insulin at d 28 tended to be greater at the 1.0% RPC level when compared to other 
treatments, but at d 56 insulin was not affected by treatments. Serum NEFA levels were 
not affected by treatment at either d 28 or 56.
Bindel et al. (1998) used finishing heifers for 120 d in a study to evaluate a rumen- 
protected choline (RPC) product (Cap-Shure* .̂ Balchem Corp.. Slate H ill. NY). Two 
factors were studied, including level o f tallow (0. 2. 4%) and post-ruminal choline (0. 5. 
10. 15 g/d). Dry matter intake was depressed by 5.4% when tallow was added at 4% but 
was not affected by choline levels. Average daily gain was increased with choline 
supplementation. Feed efficiency tended to increase by 7.6% with choline 
supplementation at 5 g/d when compared to control. Choline supplementation at 15 g/d
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decreased the percentage o f carcasses grading USDA Choice. These researchers 
concluded that 5 g/d o f post-ruminal choline can have a positive effect on growth o f 
finishing heifers.
Deuchler et al. (1998) conducted three trials to evaluate choline supply to the small 
intestine from a rumen-protected choline supplement. The first used 2 Holstein cows for 
4 wk receiving either 0 or 45 g/d o f choline as choline chloride in 2 L o f water infused 
into the abomasum. The milk choline concentration increased from 1.95 to 3.95 g/d 
during the 2 wk o f infusion allowing a 3% recovering rate from the infusate. In the 
second experiment, treatments consisted o f 0. 18.75. 37.5. or 56.25 g/d o f choline as 
choline chloride in 2 L o f water infused into the abomasum. M ilk choline secretions 
increased in response to the increasing concentration o f choline infused. In the third trial, 
cows were fed rations containing either 0 or 37.5 g/d o f choline as rumen-protected 
choline (Cap-Shure^. Balchem. Corp.. Slate H ill. NY) for a period o f 2 wk. As observed 
in the choline infusion studies, m ilk choline secretions increased in response to the rumen 
protected choline. An 85% rumen undegradability was estimated for this choline 
supplement using in vitro techniques. By using a regression equation (R—0.93) 
developed with the data o f experiment 2 . the rumen undegradabilit) . and the amount o f 
choline secreted in the milk, these obser\ations estimated a 50% efficiency rate in 
supplying choline post-ruminally from the 37.5 g/d o f choline fed. They suggested that 
this product delivers choline to the small intestine for further absorption. These results 
along with others (Deuchler. et al.. 1995) demonstrated that m ilk choline can be used as a 
technique to evaluate the efficacy o f supplying choline for intestinal absorption in dair\ 
cows. In these experiments no differences were detected in production variables. These 
researchers suggested that to increase the recover}' rate o f choline, betaine should 
probably be measured as well.
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Methionine and Other Lipotropic Agents
Since the mid 1940's there have been reports o f the possible role o f Met in ruminant 
lipid metabolism. A study administering DL-Met orally or intravenously failed to reduce 
blood ketone concentration in clinical ketotic cows (Shaw, 1946). Rumen protected 
forms o f Met have been used in attempts to supply methyl groups for lipoprotein 
synthesis. Methionine Hydroxy Analog (MHA) has been used in periparturient cows 
with mixed results in fat metabolism (Torralba. 1980; Girard et al.. 1998).
Torralba (1980) fed 30 g/cow/d o f MHA from 3 wk before the expected day o f 
calving and continued feeding for 4 mo into the lactation. M ilk fat yield was higher for 
those cows receiving the MHA for the first 45 days, but there were no difference for the 
rest o f the lactation. Blood constituents o f lipid metabolism were not affected by 
treatment except for HDL. which were higher in the treatment group one month after 
parturition. Other studies have shown similar results o f increased milk fat secretion by 
feeding 25 to 30 g/cow/d o f MHA around parturition (Patton et al.. 1970: Huber et al..
1984). In contrast, other studies have found no differences either with MH.4 or with Met 
infusions (Pullen et al.. 1989: Pisulweski et al.. 1996). .Another study with limit-fed dry 
cows supplemented with either fat or MHA (13 g/cow/d) showed that liver Tg content 
was lower for cows receiving supplemental fat after restriction, but MHA did not affect 
Tg depletion from liver (Bertics and Grummer. 1998).
Folic acid and rumen protected Met were fed for an entire lactation to study their 
effects on m ilk production and composition. Neither treatment increased m ilk yield, but 
methionine increased total solids, m ilk fat. m ilk protein, and casein. Folic acid increased 
casein only in the Met deficient ration (Girard et al.. 1998). In another study in which 
Met and Lys were infused into the duodenum o f lactating dairy cows. VLDL production 
was enhanced suggesting that both amino acids are needed to increase the ability o f 
bovine liver in Tg rich-lipoprotein secretion (Durand et al.. 1992).
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Betaine. another lipotropic agent has not been studied in ruminants. Its use is 
limited to non-ruminant animals, probably because it encounters the same problem as 
choline, i.e. extensive rumen degradation. It has been suggested that betaine can spare 
Met and choline requirements, but data are still limited (Dudley-Cash. 1996). Matthews 
(1997) studied the effects o f betaine in finishing pigs in relation to crude protein and net 
energ>- in the diet. The results suggest that betaine can improve feed and energ) 
efficiency o f pigs. Also, betaine may increase famess when high energy diets are fed to 
finishing pigs. Betaine has been shown to increase the conversion o f L-homocysteine to 
L-Met in rats and chicks fed diets high in L-homocysteine. but neither choline or betaine 
at low L-homocysteine levels had increased the conversion (Baker and Czamecki. 1985).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
MATERL\LS AND METHODS
Animals and Feeding
Experiment 1. Nineteen first lactation Holstein cows were assigned to this research 
project from December. 1997 through April. 1998 at the LSU Dairv’ Teaching and 
Research Farm in Baton Rouge. LA. Heifers were stratified according to due date and 
m ilk production potential and randomly assigned to treatment. Dietarv' treatments 
consisted o f a control ration with or without 15 g/d o f supplemental choline as Cap- 
Shure"̂  rumen-protected choline (Balchem Corp.. Slate H ill. NY) fed 2 wk prepartum and 
continuing for 8  wk postpartum. The cows were housed in a covered free-stall bam 4 wk 
before the expected d o f calving and cared for under protocols approved by the Animal 
Care and Use Committee o f the Louisiana State University Agricultural Center.
The close-up (pre-calving) and early lactation rations were formulated to meet or 
exceed NRC (1989) recommendations for all nutrients (Table 1). In addition, each ration 
was evaluated using the Cornell Net Carbohydrate and Protein System (1994) to ensure 
the adequacy o f metabolizable methionine and other essential amino acids. Smartamine- 
M 70% Methionine (Rhone-Poulenc Animal Nutrition. Atlanta. GA) was used as a 
source o f by-pass Met (5 g o f Smartamine-M/cow/d) in the early lactation ration to meet 
the metabolizable Met requirement. The transition ration was based on com silage and 
grass hay containing 1.7% supplemental fat (whole cottonseed). The lactation ration was 
also based on com silage with 3% supplemental fat (whole cottonseed). Anionic salts 
were not used in these rations.
The cows were fed a total mixed ration twice daily at 0700 and 1530 h at 
approximately 97% o f ad-libitum intake. Two-thirds o f the daily feed allotment was 
given at the p.m. feeding and one-third at the a.m. feeding. Before the aftemoon feeding
36
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Table I. Ingredients and chemical composition o f the close-up and early lactation rations 
(% o f DM) fed to cows receiving a diet with or without supplemental choline (15 g/d) as 
rumen-protected choline (Cap-Shure* .̂ Balchem Corp.. Slate H ill. NY) during two wk 
prepartum and the initial eight wk o f their hrst lactation.
Rations
Ingredients Close-up Early lactation
Alfalfa hay 8.50
Com silage 12.42 35.50
Bermuda grass hay 24.20
Cottonseed hulls 18.04
Whole cottonseed 8.90 11.40
Commercial Dairy Pellet' 36.44 42.80
Sodium Bicarbonate 0.75
Smartamine Premix- 1.05
Estimated chemical analysis (% o f DM)
Dry matter (% o f As-fed) 72.44 52.40
Crude protein 15.05 18.51
Degradable CP 10.49 12.92




Effective NDF 35.27 23.84
ADF 30.17 2 1 . 8 8
NFC 27.04 32.62
Total fat 4.05 4.56
Basal fat 2 . 2 1 2.23
Veg oil/animal fat 1.84 2.33
TDN 71.81 77.27





' Commercial Dain Pellet. As-fed basis formula. 38.4°.o ground com. 6.4% ground soybean hulls. 10.0“/o 
wheat middlings. 34.6% soybean meal 48. 0.8% salt. 0.7°o animal fat. 3.1% molasses cane. 6.0% vitamin 
and mineral premix (Fe = 177 mg/kg. Zn = 141 mgkg. Mn = 141 mg/kg. Cu = 35.3 mg/kg. I = 0.0167 
mg/kg. Se = 2.1 mglcg.
-  Smartamine Premix. As-fed basis formula and 989o o f Soybean meal 48. 2% Smartamine (Rhoune 
Poulenc. NJ)
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refusals were weight back and recorded. Electronic feeding gates (American Calan. Inc.. 
Northwood. NH) were used to collect individual DM intake data. Offered feed was held 
constant for 3 days immediately following caking. During this adaptation period, the 
close-up ration was fed at the p.m. feeding and the early lactation ration was fed at the 
a.m. feeding. Following this initial 3-d period, feed offered was increased, but not more 
than 1.4 kg/cow daily (as-fed). This management practice allowed the cows to adapt to 
the new ration and to higher levels o f intake while avoiding acidosis.
Experiment 2. Twelve non-lactating. non-pregnant mature Holstein cows were 
used. The cows were fed the transition diet o f experiment 1 (Table 1 ) ad libitum for 2 wk 
prior to the initiation o f the experiment. Bod) condition scores were recorded 
(Edmonston et al.. 1989). and bod\ weighs were measured in all cows at the beginning o f 
the experiment. The cows were randomly assigned to treatment; there were no initial 
treatment differences (P > .10) in body condition score or body weight.
The cows continued to receive the transition diet o f experiment 1 at 0.5% o f their 
initial bod\ weight. On the 3rd day o f the experiment, the amount o f feed was re­
adjusted for ruminai water loss (shrink). This level o f feed restriction was projected to 
supply 50% o f net energ)' requirements o f the cows. The dietaiy treatments consisted o f 
the basal ration either with or without 15 g/d o f supplemental choline as Cap-Shure"̂  
(Balchem Corp.. Slate H ill. NY) rumen protected choline fed for 3 wk. The cows were 
fed their individual feed allotments once daily at 1600 h while locked in stanchions at the 
feed bunk. Water was available at all times. The cows were housed in a covered free- 
stall bam and cared for under protocols appro\ ed by the Animal Care and Use Committee 
o f the Louisiana State Universit) Agricultural Center.
Sample Collection
Experiment I. Cows were milked twice daily at 0400 and 1400 h. M ilk weights 
for all cows were recorded at each milking, and samples were collected at both milkings
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one day each week and analyzed for fat and protein by near infrared analysis at the 
Louisiana DHIA laboratory in Baton Rouge. Body weights and condition scores 
(Edmonston et al.. 1989) were measured weekly on Friday aftemoon.
Blood samples were collected twice weekly from 2 wk prepartum until 3 wk 
postpartum, and weekly until wk 8  postpartum. Blood was collected (jugular vein) at 
1500 h after the p.m. milking and before feeding into evacuated tubes containing 
potassium oxalate and sodium fluoride (Monoject Blood Collection Tubes; Sherwood 
Medical. St. Louis. MO) and plasma was immediately harvested. Plasma samples were 
stored in a super-cold freezer (-80°C). A ll blood samples were analyzed for plasma 
NEFA. P-hydroxybutyrate. glucose, and insulin. Liver samples were taken in all cows 2 
wk prior to expected parturition, at calving, and 4 wk after calving.
Feed samples were taken for both rations everyday for DM and chemical analysis. 
The wet samples were weighed and placed in a forced air oven (Blue M. Electric Co.. 
Blue Island. IL) for two days at 50‘>C. Then the samples were weighed and DM was 
estimated. Daily samples were equally weighed and composited weekly. The composite 
weekly samples were analyzed for CP and ADF at the Southeast Louisiana Agricultural 
Experiment Station in Franklinton.
Experiment 2. Body weight measurements and blood samples were taken at 1600 h 
immediately before feeding twice a week. Blood was collected (jugular vein) into 
evacuated tubes containing potassium oxalate and sodium fluoride (Monoject Blood 
Collection Tubes; Sherwood Medical. St. Louis. MO) and plasma was immediately 
harvested twice a week. Plasma samples were stored in a super-cold freezer (-80°C). 
Liver samples were obtained on d 0 and 21 o f the experiment.
Liver Biopsies
Experiment I and 2. Liver samples were taken after milking and before feeding. 
Cows were restrained inside a portable cattle chute. The cows received an injection o f 10
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mL o f lidocaine (2% lidocaine hydrochloride) between the 1 1 and 1 2 *** rib on their right 
side approximately 15 cm ventrally from the back. An incision was made through the 
skin with a scalpel, and then a stainless steel biopsy tool was inserted in a line directed to 
the left elbow. Immediately after collection the liver samples were placed in a sterile 
poK'propylene translucent tube (12x75 mm) and frozen in liquid nitrogen. Samples were 
stored in a super cold freezer (-80°C) until analysis. No obvious discomfort to the cows 
was observed, and milk production and feed intake was not observed to be influenced by 
the biopsy.
Laboratoi*}’ Analytical Methods
Experiment 1 and 2. Plasma was analyzed for insulin, glucose, p-hydroxybutyrate 
(BHB). and NEFA levels in all samples taken. Glucose was anah-zed 
specirophotometrically using a commercial kit (Sigma Technical Bulletin No. 315; 
Sigma-Aldrich Corp.. St. Louis. MO). Plasma BHB was anal>’zed using a 
spectrophotometric method provided by Sigma Diagnostics (Sigma Technical Bulletin 
No. 310-UV. Sigma-Aldrich Corp.. St. Louis. MO). Plasma NEFA was analyzed by an 
enzymatic method using a commercial kit (NEFA-C. ACS-ACOD Method; Wako 
Chemicals US.A. Inc.. Richmond. VA). Insulin was anal\-zed by a radioimmunoassay 
procedure (Coat-.^-Count; Diagnostic Products Co.. Los Angeles. CA). Samples were 
analyzed in duplicate and reanalyzed i f  the coefficient o f variation was greater than 5%. 
Liver triglycerides were determined by the procedure described by Foster and Dunn. 
(1973) with the modifications o f Vazquez-Anon et al. (1994). Samples were analyzed in 
triplicate and reanalyzed i f  the coefficient o f variation was greater than 1 0 %.
Statistical Analysis
Experiment 1. Data were anaK^ed as repeated measures using the GLM procedure 
o f SAS (1998). The statistical mixed model was Y,jk, = p + T, + C,(T,) + D̂  ̂+ TjD^ + Ey î 
where Y,ĵ | = the obserx ation o f each dependent variable, p = the population mean. T, =
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the effects o f ith treatment. Cj(Tj) = the random variation between experimental units 
within treatment, = the effect o f kth sampling date (i.e. time effect). IjD ^ = the 
interaction between treatment] and sample time k. and 5^ ,̂ = the random error term. The 
REG procedure o f SAS was used to estimate daily m ilk composition from weekly data. 
The regression model used was Y = p + P,Cowld + + PgCowld*DlM + P4 DIM- +
pjDIM^ + E (R- = 0.64). The estimated data were used to calculate energy corrected m ilk 
with the following formula ECM = 0.3246*milk. kg + 12.86*milk fat in kg + 7.04*milk 
protein in kg (DRMS. 1998). The statistical model described above was used to analyzed 
the results from the previous regression and calculations. The lactation mature equivalent 
(ME 2x) milk, m ilk fat and protein yields were obtained from Dairy Herd Improvement 
records and analyzed with the following model Y,jki = p + T, + Cj(T,) + Eŷ  where Yy;. = 
the observation o f each dependent \ ariable. p = the population mean. T, = the effects o f 
ith treatment. Cj(Tj) = the random variation between experimental units within treatment, 
and Eyk = the random error term.
Experiment 2. Data were analyzed as repeated measures using the GLM procedure 
o f SAS (1998). The statistical mixed model was Yy ,̂ = p + p,W + T, + Cj(Tj) + D  ̂+ 
T,Dk + Eyki where Yy ,̂ = the obser\ ation o f each dependent variable, p = the population 
mean. P,W = the linear regression solution or constant for BW as covariate. T, = the 
effects o f ith treatment. Cj(T,) = the random variation between experimental units within 
treatment. D  ̂= the effect o f kth sampling date (i.e. time effect). T.D  ̂ = the interaction 
between treatment] and sample time k. and Eŷ , = the random error term.
Cap-Shure"* Rumen Protected Choline Flow Evaluation
This evaluation was conducted as a transparent portion o f an experiment previously 
reported by Sansinena (1999). In that study. 6  duodenally and (or) ileally cannulated 
steers were fed a com silage based ration (com silage 50%. rice bran 20%. ground com 
8 .6 %. soybean meal-48 19.2% and a mineral premix 2.1% in DMB) containing chromic
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oxide. The rumen protected choline product, Cap-Shure'̂ . was hand-mixed into the diets 
before feeding at 4.5 g/hd/d o f choline (18 g o f product per head per d). A 10 d 
adjustment period was followed by 4 d o f intestinal sample collection. Sample collection 
and Cr analysis has been previously described (Sansinena. 1999). Intestinal samples 
were homogenized in a laboratoiy blender for 5 min in boiling water to melt the 
encapsulating fat material and to release any free choline. The resulting supernatants 
were centrifuged for 1 0  min. and an aliquot was retained for free choline analysis 
(Balchem Corp.. Slate H ill. NY).
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RESULTS AND DISCUSSION
Production Variables
Experiment 1. Choline supplementation did not affect m ilk production, fat and 
protein yield and percentage, or energ)' corrected m ilk (ECM; 3.5% Fat, 3.2% Protein) 
during the first 8  wk o f lactation (Table 2; P > 0.10). M ilk production, m ilk components, 
and energ) corrected m ilk were changed as lactation progressed (Figures 1, 2 and 3; P < 
0.01). These results are in agreement with those o f DiCostanzo and Spain (1995) who 
fed 30 g/cow/d o f a different rumen protected choline product from -20 to 100 DIM. A 
different rumen-protected choline product was also tested by Erdman and Sharma (1991). 
In that stud) , supplemental choline levels ranged from 0 to 0.234% o f the ration DM. 
There was a significant increase in milk production when cows were fed 0.156% choline: 
however, m ilk fat secretion did not change. Fat corrected milk (3.5% Fat) responded 
linearly to supplemental choline levels in a separate experiment reported by Erdman and 
Sharma (1991).
The results from this experiment are also in contrast to those o f previous studies in 
which supplemental choline was infused directly into the duodenum or abomasum. 
Sharma and Erdman (1987) infused choline (0. 30. 60, 90, g/d) into the abomasum of 
late-lactation cows and observed no effects on m ilk production: but, 30 g/d tended to 
increase milk fat percentage and yield. In a second similar trial (Sharma and Erdman, 
1987), m ilk )ield responded to 40 g/d o f supplemental choline, but no differences in milk 
components were found. Sharma and Erdman (1989b) fed 50 g/d o f supplemental 
unprotected choline, or infused choline directly into the abomasum o f first lactation 
cows. M ilk yield was higher for those cows receiving the choline abomasally compared 
with control or supplemental dietaiy groups (24.7 vs. 21.5, and 21.7 kg/d). Also, m ilk fat
43
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Table 2. Least squares means for production variables for cows fed a diet with or without 
supplemental choline (15 g/d) as rumen-protected choline (Cap-Shure* ,̂ Balchem Corp., 
Slate H ill. NY) during two wk prepartum and the initial eight wk o f their first lactation.
Treatment P o f Tvne I Error
Response variable Og/d 15 g/d SEM' Trt: DIM:
Trt X 
DIM
Number o f cows 




23.25 0 . 2 2 1 0.49 0 . 0 1 1 . 0 0
M ilk components 
Fat. kg/d 0.941 0.885 0.005 0.56 0 . 0 1 1 . 0 0
Protein, kg/d 0.744 0.722 0.003 0.69 0 . 0 1 1 . 0 0
Fat. % 3.93 3.91 0.018 0.94 0 . 0 1 . 1 . 0 0
Protein. % 3.09 3.19 0.009 0.35 0 . 0 1 1 . 0 0
ECML kg/d 25.29 24.01 0.109 0.53 0 . 0 1 1 . 0 0
D M I\ kg/d
For the last 2 wk 
o f pregnancy 9.55 10.33 0.203 0.39 0 . 0 1 0.06
For the inital 8  wk 
in milk 15.75 15.43 0.106 0.79 0 . 0 1 1 . 0 0
Body weight, kg 
For the last 2 wk 
o f pregnancy 577.1 578.8 5.8 0.95 0.05 0.98
For the initial 8  wk 
in m ilk 514.6 503.6 3.4 0.62 0 . 0 1 0.95
Body condition score® 
For the last 2 wk 
o f pregnancy 3.6 3.8 0.07 0.47 0 . 1 1 0.24
For the initial 8  wk 
in m ilk 3.1 3.2 0.04 0.50 0 . 0 1 0.69
• SEM = Standard Error of the Mean 
-Trt = Treatment 
^DIM = Days In Milk
■*ECM = Energy Corrected Milk; 3.5“o Fat and 3 3 o  Protein 
-'DM1 = Dry Matter Intake
*BCS = Body condition score scale: 1 = thin. 5 = obese
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Figure I . Milk and energy corrected milk (FX'M) yield of cows fed 0 or 15 g/d of supplemental choline as rumen-protected
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Figure 2. Milk fat and milk protein yield of cows fed 0 or 15 g/d of supplemental choline as rumen-protected eholine (Cap-


































































Milk Fat Milk Protein
Figure 3. Milk lat anti milk protein percentage of cows led 0 or 15 g/d of supplemental choline as rumen-protected choline (Cap-
Shure'^ Balchem Corp.. Slate Hill. NY) during two wk prepartum and the initial eight wk of their first lactation
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was not affected by treatment, but 4% ECM tended to be higher for the group receiving 
choline infusions (20.8 vs. 17.0. and 17.7 kg/d).
In our experiment, m ilk yield in all cows increased from 13.4 kg/d to 28.7 kg/d 
during the first 8  weeks o f lactation (Figure 1). In addition, m ilk fat percentage decreased 
from 5.96 to 3.36%. and milk protein declined from 4.22 to 2.91% (P <0.01; Figure 2 
and 3). This change in m ilk components is typical and can be attributed to changes from 
colostrum to m ilk synthesis (Davis and Drackley. 1998). On the other hand, m ilk fat 
yield increased (P < 0.01) from 819 to 1.029 g/d and m ilk protein (P <0.01) from 612 to 
820 g/d during the 8 -wk experimental period (Figure 2 and 3). Energy corrected m ilk 
increased from 20.7 to 27.9 kg/d (Figure 1 ).
Prepartum DM1 tended (P < 0.10) to be greater for the cows receiving supplemental 
choline; however, approximately 5 d before calving. DM1 was similar (P >0.10) for the 
two groups (Figure 4). During this period, choline-supplemented cows consumed 10.3 
kg DM/d in comparison to 9.6 kg DM/d for the control group (Table 2). Postpartum 
DMI was not affected by choline supplementation (P > 0.10). but increased from 6 . 8  kg/d 
at the time o f calving to 20.5 kg/d by the 8 "' wk o f the lactation for all cows (P <0.01; 
Figure 5). These results are in agreement with those o f DiCostanzo and Spain (1995) 
who fed 30 g/cow/d o f a rumen protected choline product from -20 to 100 DIM. Erdman 
and Sharma (1991) also obseived no difference in DMI when feeding choline in a rumen 
protected form.
Body weight and body condition were not affected (P >0.10) by treatment (Table 2 
and Figure 6 ). These results are consistent with those o f Erdman and Sharma (1991) and 
DiCostanzo and Spain (1995). As might be expected. 1 wk prior to parturition the 
heaviest BW (592 kg) was observed, and three weeks into the lactation the lightest (487 
kg) was observed. Body weight changes were likely related to rapid late partum fetal 
growth and subsequent removal o f the calf and related tissues at cah ing. The changes in







































Choline 0 g/d Choline, 15 g/d
Figure 4. Prepartum dry matter intake (DMI) of cows fed 0 or 15 g/d of supplemental choline as rumen-proteeted choline (Cap-







































Figure 5. Poslparluni dry matter intake (DMI) of cows fed 0 or 15 g/d of supplemental choline as rumen-protected choline (Cap-










































Body Weight, kg Body Condition
Figure 6. Body weight (BW) and body condition score (BCS) of cows fed 0 or 15 g/d of supplemental choline as rumen-
protected choline (Cap-Shure". Balchem Corp., Slate Hill. NY) during two wk prepartum and the initial eight wk of their first
lactation
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body condition reflected negative energy balance and the extensive body fat mobilization 
that occurs in early lactation (Edmonston et al., 1989). The body condition o f the cows 
declined from 3.8 at 2 wk prepartum to 2.9 at 28 DIM (P < 0.01). As in the study o f 
DiCostanzo and Spain (1995). cows in our study did not have dramatic mobilization o f 
body fat as evidenced by body condition scores (BCS). After their initial lost in body 
condition, most cows in our study seemed to maintain a body condition score (BCS) o f 3.
Choline supplementation also did not affect (P >0.10) m ilk yield, m ilk component 
percentages or yields, or energy corrected milk (Table 3) or the complete 305-d lactation 
following the 10-wk o f supplemental choline. For the complete 305-d lactation, cows 
produced 8.935 kg o f m ilk. 344.8 kg (3.86%) o f fat. 280 kg (3.13%) o f protein, and 9.307 
kg o f ECM.
Experiment 2. Body weight was not affected by supplemental choline (P >0.10. 
Figure 7); however. BW did change with time (P < 0.01). The cows had a mean BW o f 
708 kg at the beginning o f the study and lost 70.9 kg in 3 wk (637.5 kg), as shown in 
Figure 7. This decrease in BW clearly indicates that the intake o f net energv’ was well 
below maintenance requirements. It was reasoned that cows in this dietaiy scheme would 
change BW at a constant declining rate and that the effects o f supplemental choline on 
lipid metabolism could be studied without the confounding effects o f the hormonal 
changes that occur as a result o f parturition and m ilk production.
Blood Insulin and Selected Metabolites
Experiment 1. During the last 2 wk o f pregnancy, insulin concentrations tended (P 
< 0.12) to be higher for choline-supplemented cows than for controls (Table 4 and Figure 
8 ). After calving, insulin concentrations were not different between treatments (P > 
0.10): however, the overall changes through the first 8  wk o f the lactation (DIM effect) 
were different (P < 0.05). Insulin levels dropped from 12.6 pU/mL at calving to 7.1 
pU/mL by the first week postpartum (Figure 9). In the first week postpartum, insulin
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Table 3. Least squares means for 305 2x ME o f lactation variables for cows fed a diet 
with or without supplemental choline (15 g/d) as rumen-protected choline (Cap-Shure* .̂ 





P o f Type 1 Error
0  g/d 15 g/d Treatment
Number o f cows 1 0 9
M ilk yield, kg 8.789.5 9080.5 433.99 0.64
M ilk components
Fat. kg 335.4 354.1 24.45 0.60
Protein, kg 272.0 287.6 17.76 0.46
Fat. % 3.84 3.89 0 . 2 1 0 . 8 6
Protein. % 3.09 3.17 0.06 0.35
ECM:. kg 9087.3 9526.5 508.06 0.54
-ECM = Energy Corrected Milk; 3.5% Fat and 3.2“/b Protein








































Figure 7. Body weight (BW) o f lim it-led non-lactating, non-pregnant cows led 0 or 15 g/d o f supplemental choline as rumen- 
protected choline (Cap-Shure'\ Balchem Corp., Slate H ill, NY) for three wk
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Table 4. Least squares means for blood plasma metabolic variables and liver triglycerides 
(DM B') for cows fed a diet with or without supplemental choline (15 g/d) as rumen- 
protected choline (Cap-Shure'̂ . Balchem Corp., Slate H ill. NY) during two wk prepartum 
and the initial eight wk o f their first lactation.
Treatment P o f Tvne 1 Error
Response variable 0  g/d 15 g/d SEM: Trt: DIM-»
T rtx
DIM
Number o f cows
Insulin. pU/mL 
For the last 2 wk
1 0 9
o f pregnane)
For the initial 8  wk
1 2 . 2 13.0 0.77 0.59 0.37 0 . 1 2
in m ilk
Glucose. mM 
For the last 2 wk
10.3 9.3 0.46 0.43 0 . 0 2 .0.43
o f pregnancy 
For the initial 8  wk
3.19 3.30 O.IO 0.58 0 . 0 1 0.55
in m ilk
(5-OH butvTate. mM 
For the last 2 wk
2.96 2.95 0.06 0.92 0.08 0.96
o f pregnane)
For the initial 8  wk
0.673 0.537 0.068 0.35 0.89 0.05
in m ilk
NEFA. mM
For the last 2 wk
0.738 0 . 6 6 8 0.075 0.98 0 . 0 1 0.95
o f pregnancy 
For the initial 8  wk
0.557 0.635 0.054 0.47 0 . 0 1 0.18
in milk
Liver triglycerides. % DMB 
From 2 wk precalving to
0.695 0.740 0.026 0.57 0 . 0 1 0.03
4 wk post-partum 
A t 2 wk prepartum 
A t calving 


















-SEM = Standard Error of the Mean 
^Trt = Treatment 
■•d i m  = Davs In Milk
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Figure 8. Prepartum plasma insulin (pU/mL) of cows fed 0 or 15 g/d of supplemental choline as rumen-protected choline (Cap-

































































Insulin, mlU/L ■ Glucose, mM 
Figure 9. Postpartum plasma insulin (pU/mL) and glucose (mM) o f cows fed 0 or 15 g/d o f .supplemental choline as rumen- 
protected choline (Cap-Shure'‘, Balchem Corp., Slate Mill, NY) during two wk prepartum and the initial eight wk o f their first 
lactation
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concentrations were similar between treatments; however, insulin concentrations did not 
reach calving or prepartum concentrations for cows in either treatment.
The increase in plasma insulin levels with the onset o f parturition it may be related 
to higher levels o f cortisol normally seen in almost any stress situation (Guyton and Hall 
1996b). Postpartum changes in energy metabolism are actually more responsive to 
variations in hormone ratios than to individual hormone concentrations (Bines and Hart. 
1982; Herbein et al.. 1985). The two important metabolic ratios for the transition cow are 
the somatotropin to insulin ratio and the glucagon to insulin ratio. The shift to higher 
ratios creates a diabetogenic state in the dairy cow, increasing the amount o f insulin 
released, decreasing the amount o f glucose utilized by non-mammary tissues, increasing 
hepatic gluconeogenesis. and increasing lipolysis in adipose tissue. These metabolic 
changes redirect nutrients, especially glucose and fatty' acids, to the mammary gland 
which does not require insulin for glucose uptake (Bines and Hart. 1982; Herbein et al.. 
1985: Guyton and Hall. 1996a).
Plasma glucose levels did not differ between treatments in either in the prepartum 
period or during early lactation (P >0.10: Table 4 and Figure 10). Across treatments, 
cows achieved a peak plasma glucose level o f 4.03 mM at calving. This was consistent 
with findings reported by DiCostanzo and Spain (1995) who observed 4 mM as 
parturition approached. The lowest plasma glucose level observed in our study was 2.34 
mM. which occurred 1 wk after parturition (Figure 9). This concentration was lower than 
that reported by DiCostanzo and Spain (3.33 mM; 1995). The increase in plasma glucose 
at calving may be related to the higher levels o f cortisol being released at parturition. 
Cortisol is known to be released in almost any stressful situation, parturition not being an 
exception, and its effects are to increase gluconeogenesis and decrease glucose utilization 
by tissues (Guyton and Hall 1996b).
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Figure 10. Frcparlum plasma glucose (mM) of cows led 0 or 15 g/d of supplemental choline as rumen-protected choline (Cap-
Shurc'\ Balchem Corp., Slate Hill, NY) during two wk prepartum and the initial eight wk of their first lactation
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The tendency for post-calving plasma glucose concentrations to decline with time 
as observed in this study (P < 0.10) is an indication o f a greater glucose demand (Table 4 
and Figure 9). A t this time, most o f the glucose is used by the mammary gland for 
lactose. NADPH. and glycerol synthesis and m ilk yield. Nonetheless, glucose is needed 
for energv’ utilization by those tissues with absolute requirements for glucose, such as the 
central ner\ ous system which can require almost 1 2 % o f the metabolizable energy used 
for maintenance (Ferrell. 1988). At five to six wk into lactation, plasma glucose 
concentrations increased to levels near those observed precalving (3.0 to 3.3 mM. Figure 
10). This increase was likely the result o f the higher availability o f gluconeogenic 
precursors (e.g. propionate) as a result o f increased DMI o f a ration higher in non-fiber 
carbohydrates (Table 1).
Concentrations o f BHB were higher for cows in the control vs. choline- 
supplemented groups at 2 wk prepartum. but were lower in the last week o f pregnancy (P 
< 0.05; Figure 10). These differences could partially be explained by the tendency o f the 
choline supplemented group to have higher DMI and plasma insulin concentrations when 
compared with cows in the control group during this period (Figures 4 and 8 ). Higher 
DMI in the transition period provides more gluconeogenic precursors that can attenuate 
hepatic ketogenesis and prevent the development o f clinical ketosis (Grummet. 1993). 
Peak plasma concentrations o f BHB ( 1.3 mM) were reached in all cows between the first 
and second wk postpartum but were not influenced (P >0.10) by supplemental choline 
(Figure 12). Postpartum BHB levels returned to levels similar to those observed 
prepartum by the 4 '̂  wk o f lactation as a result o f rapidly increasing DMI (Figure 4 and 
11 ). Hepatic ketogenesis during the first few week after calving is elevated due to the 
combination o f two factors: the lack o f gluconeogenic precursors and the mobilization o f 
fatty acids that have infiltrated the liver (Grummer, 1993).
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Choline, 0 g/d ■- Choline, 15 g/d
Figure 11. Preparlum plasma P-hydroxybutyralc (BHB; mM) of cows fed 0 or 15 g/d of supplemental choline in a rumen-
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• -  B-OH-bulyrate, mM
Figure 12. Postpartum plasma (l-hydroxybutyratc (BHB; mM) of cows fed 0 or 15 g/d of supplemental choline as rumen-
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Figure 13. Prepartum plasma non-ester ified fatty acids (NEFA; mM) o f cows during the last 2 wk o f pregnancy fed 0 orl5  g/d o f 
supplemental choline as rumen-protected choline (Cap-Shure'\ Balchem Corp., Slate H ill, NY) during two wk prepartum and the 
initial eight wk o f their first lactation On
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Plasma NEFA were not affected by treatment during the prepartum period (P > 
0.10: Figure 13); however, there was a treatment by time interaction during the first 8  wk 
o f the lactation (P < 0.05; Figure 14). Other studies (DiCostanzo and Spain. 1995; 
Erdman and Sharma. 1991) have not reported differences in plasma NEFA when cows 
were fed choline in a rumen protected form. During both the dry period and in early 
lactation. NEFA concentrations changed with time (P < 0.01). Plasma NEFA levels 
rapidly increased during last week o f pregnancy, reaching peak concentrations o f 1.2 mM 
between 5 and 12 d postpartum. Plasma NEFA levels observed in our study, were higher 
than those (0.65 mM) reported by DiCostanzo and Spain (1995); however.. more 
multilactation cows were used in that study in comparison with ours. Increased NEFA 
levels were likely related to the depression o f DMI precalving and in the early weeks 
postpartum (Figures 4. 5 and 13). Plasma NEFA levels are also accentuated by the 
hormonal changes occurring at this same time. Control cows had higher plasma NEFA 
levels during the first weeks o f the lactation than choline-supplemented cows, but were 
lower than treatment cows between 1.5 and 2.5 wk postpartum (Figure 13). At 4 wk of 
lactation, both groups had similar plasma NEFA concentrations. In addition, by the end 
o f the experimental period, plasma NEFA concentrations had returned to precalving 
levels in both treatment groups probably as a result o f increases in DMI (Figure 5).
Experiment 2. Plasma insulin concentrations were not affected by treatment (P > 
0.10). but the duration (time) o f feed restriction tended to affect this hormone (P < 0.11. 
Table 5 and Figure 15). Cows in this experiment had values o f 27.9 p.U/mL at d 0. which 
were higher than those observed in Experiment 1 (12.7 ^U/mL) during the last 2 wk o f 
pregnancy. One possible explanation is that, in Experiment 2. cows were not affected by 
the degree o f DMI depression that was caused by parturition and hormonal changes. 
Also, prior to the feed restriction, cows in Experiment 2 were in an anabolic state that 
promotes higher insulin levels in comparison to those observed in close-up cows.
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0.0 5.5 7.00.5 1.5 2.5 3.0 3.5 4.0 4.5 5.0 6.0 6.5 7.5 8.01.0 2.0
Weeks In Milk
Choline, 0 g/d ■ Choline. 15 g/d
Figure 14. Plasma non-eslerificd fatly acids (NEFA; mM), of cows during the first 8 wk fed 0 or ! 5 g/d of supplemental choline
as rumen-protected choline (Cap-Shure'^ Balchem Corp., Slate Hill, NY) during two wk prepartum and the initial eight wk of
their first lactation o\LA
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Table 5. Least squares means for blood plasma metabolic variables, liver triglycerides 
(DMB‘) and body weight for limit-fed non-lactating. non-pregnant cows fed a diet with or 
without supplemental choline (15 g/d) as rumen-protected choline (Cap-Shure* ,̂ Balchem 




P o f T\Tîe I Error
Og/d 15 g/d Trt) Time
T rtx
Time
Number o f cows 6 6
Insulin. pU/mL 19.3 2 2 . 1 1.4 0.32 0 . 1 1 0.95
Glucose. mM 3.25 3.45 0.04 0.55 0.37 0.18
NEFA. mM 0.55 0.57 0 . 0 2 0.82 0 . 0 1 0.61
Liver triglycerides. % DMB
Overall 2.05 2 . 8 8 0.722 0.43 0.59 0.49
At 0 wk 1.53 1.67 1.741 0.93
.At 3 wk 2.58 4.08 1.722 0.28
Body weight, kg 651.5 662.1 2.3 0.69 0 . 0 1 0.57
‘DMB = Dr>' Matter Basis 
-SEM = Standard Error of the Mean 
^Trt = Treatment



















































Insulin uU/mL Glucose, mM
Figure 15. Plasma insulin (^lU/mL) and glucose (niM ) o f lim il-fed non-laclating, non-pregnant cows fed 0 or 15 g/d o f 
supplemental choline as rumen-protected choline (Cap-Shure'*, Balchem Corp., Slate H ill, NY) for three wk
O n--J
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Plasma glucose concentrations were not affected by neither treatment or time 
(Table 5 and Figure 15. P > 0.10). Circulating glucose levels in ruminants tend to be 
regulated w ithin narrow limits in comparison to non-ruminants, because o f the rather 
constant supply o f glucose from liver gluconeogenesis. In addition, there is also less 
meal-related variation in plasma glucose concentrations than is observed in non­
ruminants. In comparison with nonruminants, ruminants can meet the majorit>' o f their 
energy requirement using the acetate produced in the rumen and the BHB produced in the 
liver by ketogenesis. This tends to spare glucose from utilization for "ordinary ' energy 
functions (Ballard et al.. 1969; Mayes. 1996a: Kaneko. 1997).
Free fatty acids were not affected by treatment (P >0.10) but were affected by time 
(P <0.01; Table 5 and Figure 16). Plasma NEFA concentrations did not reach the levels 
(0.63 mM) observed in Experiment 1 after parturition ( 1.2 mM). This may have been 
due to the fact that early lactation cows have higher somatotropin to insulin ratios due to 
their physiological state (Bines and Hart. 1982; McNamara. 1991). The cows in this 
experiment had plasma NEFA concentrations o f 0.33 mM prior to the beginning o f the 
experiment (d 0) and reached their peak (0.63 mM) 3 wk into feed restriction.
Liver Triglycerides
Experiment 1. Choline supplementation did not affect liver Tg levels (P > 0.10); 
but. stage o f lactation had a tendency (P < 0.15) to affect liver Tg levels (Table 4 and 
Figure 16). These results agree with those o f others (Grummer. 1993; Vazquez-Anon et 
al.. 1994) which suggest that the cow in lactation transition has higher levels o f Tg 
infiltrating hepatic tissue than in any other physiological state. Two week before 
parturition, cows were already accumulating Tg (6.49% o f liver DM), and at calving 
concentrations were the highest observed (8.31% o f liver DM. figure 17). At 4 week o f 
lactation, cows had cleared the liver o f excess Tg with concentrations lower than those 
observed prior to calving (3.14% o f liver DM). The liver Tg levels that were observed
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Fleure 16. Non-cstcrillcd Lilly acids (NRFAi niM) oflirnil-fcd non-laclalin^, non-prcgnani cows fed 15 g/d ofcholine as rumen-



















































Figure 17. Liver triglyceride (Tg; % of liver dry matter) of cows at 2 wk prepartum, calving, and 4 wk post-calving fed 0 or 15
g/d of supplemental choline as rumen-protected choline (Cap-Shure'\ Balchem Corp., Slate Mill, NY) during two wk prepartum
and the initial eight wk of their first lactation
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prior to calving were slightly higher than (3.5 to 4% o f liver DM) those reported by 
Vazquez-Anon et al. (1994). At calving, cows in this study had similar Tg levels ( 8 % o f 
liver DM) as reported in the study o f Vazquez-Anon et al. (1994). However, at 4 wk o f 
lactation, liver Tg concentrations observed in this study were considerably lower than 
those reported by these researchers (12% o f liver DM at 21 DIM). These Tg data support 
that reported by others (Vazquez-Anon et al.. 1994). indicating that cows during the 
period from the last 2 to 3 wk o f pregnancy through the first 2 to 3 wk into the lactation 
are prone to accumulating Tg in the liver. This is a consequence o f excessive body fat 
mobilization which overwhelms the hepatic capacity for reesterification o f NEFA. 
packaging o f Tg. and exporting o f VLDL to other tissues (Bauchart. 1993).
Experiment 2. Liver Tg were not affected by treatment (Table 5. P > 0.10). Also, 
liver Tg concentrations did not change as feed restriction continued (Table 5 and Figure 
17. P > 0.10). These results are consistent with plasma NEFA data. These data would 
also suggest that cattle in negative energv balance, other than cows transitioning to 
lactation, do not experience excessive fatty infiltration.
Cap-Sbure*^ Rumen Protected Choline Flow Evaluation
Choline flow to the duodenum was estimated to be 39% o f choline intake from 
RPC product (Table 6 ). This result is in disagreement with Deuchler et al.. (1998) who 
reported an estimated 85% ruminai choline escape using in vitro fermentation techniques. 
Intestinal choline flow data also indicated that 22.8% o f total choline intake exited the 
small intestine. Although large intestinal absorption o f this choline is certainly a 
possibilitv. we have assumed that all choline leaving the intestine was not absorbed. 
Thus follows that, from the choline provided as RPC. an estimated 16.3% o f the total 
choline fed was absorbed in the small intestine.
From these calculations, it can be computed that, from the 15 g/cow/d o f choline 
intake as RPC. 2.44 g o f choline/cow/d reached the duodenum and was absorbed. The













































Figure 18. Liver triglyceride (Tg; % of liver dry matter) of limit-fed non-lactating, non-pregnant cows fed 0 or 15 g/d of
supplemental choline as rumen-protected choline (Cap-Shure'L Balchem Corp., Slate Hill, NY) for three wk
w
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amount reaching the duodenum for absorption can be computed to be 5.85 g/cow/d. This 
amount is considerably less than those used in other studies (Sharma and Erdman, 1987; 
Sharma and Erdman 1988a; Sharma and Erdman 1989b) where cows tended to secrete 
more m ilk fat when 30 to 45 g/cow/d o f choline was either infused in the abomasum or 
duodenum. This may partially explain why cows failed to respond to choline 
supplementation in either o f our two experiments.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
SUMMARY AND CONCLUSIONS
Supplementation o f rumen-protected choline to periparturient first lactation 
Holstein cows affected neither production variables, such as milk production, or 
composition nor metabolic indices o f metabolism including plasma insulin, glucose, non- 
esterified fatt) acids (NEFA). P-hydroxybutyrate (BHB). or liver triglycerides (Tg). 
However, dr) matter intake (DMI) and plasma insulin concentrations during the close-up 
dr) period tended to be higher in choline supplemented cows, and BHB levels were 
significantly lower in these cows during the same period.
Low DMI during the close-up dry period combined with the initiation o f lactation 
resulted in negative energy and glucose balance in these cows. As DMI increased during 
the early lactation period, cows approached positive energy balance, as evidenced by 
reductions in plasma NEFA. BHB. and liver triglyceride concentrations, as well as 
increases in plasma glucose concentration. Feeding management strategies that increase 
DMI during the transition period may influence lipid metabolism, thus reducing the risk 
associated with ketosis. fatty acid infiltration in the liver, and potential milk loss in other 
stages o f lactation.
The technolog) for delivering choline postruminally must be improved to assure 
adequacy o f metabolizable choline availabilit) to the dairy cow . The choline levels 
needed to induce an effect on lipid metabolism may be also higher than those used in this 
study (15 g/d). More research is needed to determine the relationship between 
supplemental choline and lipid metabolism in dair) cattle. Future studies should focus on 
increasing the metabolizable choline supplementation to 30 or 40 g/d. as well as 
examining the possible interactions between choline, methionine, and other related 
nutrients.
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APPENDIX A
CORNELL NET CARBOHYDRATE AND PROTEIN SYSTEM (1994) 






































Maternal grandsire's bree 
Maternal grandam's breed 
Next
Press <F1> at any time for context sensitive help 
Press <ESC> at any time to escape to the main menu
Animal Screen 2
Days Pregnant 220 Days
Days Since Calving 0 Days
Lactation # C 0=dry or heifer
Rolling Herd Average (dairy) 8200 Kg
Milk Production (dairy) 0 Kg 0.0
Milk Fat (dairy) 0 % 5.1
Milk Protein (dairy) 0 % 4.8
Relative Milk Prod'n (beef) 5 1-9 15
Expected Calf Birth Weight 40 Kg 44.0
Main Menu
Press <F1> at any time for context sensitive help 
Press <ESC> at any time to escape to the main menu
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Ration for: Choline Dry cows close-up Evaluate
ME Avail ME Reqd Differ MP Avail MP Reqd Differ
Totals 26.7 25.5 1.2 1083 744 339 45.55%
Maint 26.7 20.1 6.6 1083 545 539
Preg 6.6 4.7 1.9 539 160 379
Lact 1.9 0.0 1.9 379 0 379
Gain 1.9 0.6 1.2 379 40 339
Reserves 1.2 0.0 1.2 339 0 339
DMI predicted 11.7 kg/d Rum N Bal 35.54% 65 gms/d
DMI act. 102% 12.0 kg/d Pept Bal. 92.49% 82 gms/d
Pred. max Pasture 0.0 kg/d Urea cost 0.88 Mcal/d
Optimum Daily Gain 0.67 kg/d Inputed milk 0.0 kg/d
ME Allowable Milk 0.0 kg/d
MP Allowable Milk 0.0 kg/d
AA Allowable Milk 0.0 kg/d
Days to gain 1 CS 612 or increase milk prod 0 kg/d
Effective NDF req. 2.4 kg/d
Effective NDF sup. 4.2 kg/d
NDF in ration 46%DM
Diet ME 2.23 MCAL/KG DM
Diet NEl 1.43 MCAL/KG DM
Diet NEm 1.36 MCAL/KG DM
Diet NEg 0.78 MCAL/KG DM
DMI/Maint DMI 1.4 X
Fred. Ruminai pH 6.46
MP from bacteria 683 g/d




Total NSC in ratio 28%DM
Cost/day $0.00 /day
Maint. Total N balance 78 gms/d
DM Fed 
(Kg) Ingredient
0.00 Alfalfa hay 
1.49 Corn Sila25% GR 
2.89 Bermuda grass 
2.17 Cottonseehulls 
1.08 Cottonseewhole 
1.67 Corn ground 
0.29 Soybean hulls 
0.44 Wheat middlings 
1.53 Soybean meal 49 
0.04 Salt 
0.03 Tallow 
0.07 Molasses cane 
0.29 Minerals 
0.00 Smartamin
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APPENDIX B
CORNELL NET CARBOHYDRATE AND PROTEIN SYSTEM 
































Maternal grandsire's bree 
Maternal grandam's breed 
Next
Press <F1> at any time for context sensitive help 
Press <ESC> at any time to escape to the main menu
Animal Screen 2
Days Pregnant 0 Days
Days Since Calving 56 Days
Lactation # 1 0=dry or heifer
100 91.0
Rolling Herd Average (dairy) 8200 Kg
Milk Production (dairy) 32 Kg 30.4
Milk Fat (dairy) 3.5 % 3.5
Milk Protein (dairy) 3.3 % 3.2
Relative Milk Prod'n (beef) 5 1-9 15
Expected Calf Birth Weight 40 Kg 44.0
100
Main Menu
Press <F1> at any time for context sensitive help 
Press <ESC> at any time to escape to the main menu
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Ration for: Choline early lactation cow Evaluate
ME Avail ME Reqd Differ MP Avail MP Reqd Differ
Totals 54.5 52.5 2.0 2396 2541 -145 -5.71%
Maint 54.5 17.6 36.9 2396 877 1519
Preg 36.9 0.0 36.9 1519 0 1519
Lact 36.9 34.3 2.6 1519 1625 -105
Gain 2.6 0.6 2.0 -105 40 -145
Reserves 2.0 0.0 2.0 0 145 -145
DMI predi 98.0 18.8 kg/d Rum N Bal 55.81% 187 gms/d
DMI act. 121% 22.7 kg/d Pept Bal. 81.84% 146 gms/d
Pred. max Pasture 0.0 kg/d Urea cost 1.32 Mcal/d
Optimum Daily Gain 0.07 kg/d Inputed milk 32.0 kg/d
ME Allowable Milk 33.9 kg/d
MP Allowable Milk 29.1 kg/d
AA Allowable Milk 32.0 kg/d
Days to gain 1 CS 300 or increase milk prod. 2 kg/d
Effective NDF req. 4.5 kg/d
Effective NDF sup. 5.4 kg/d
NDF in ration 35%DM
Diet ME 2.40 MCAL/KG DM
Diet NEl 1.54 MCAL/KG DM
Diet NEm 1.54 MCAL/KG DM
Diet NEg 0.92 MCAL/KG DM
DMI/Maint DMI 3.3 X Maint.
Pred. Ruminai pH 6.44
MP from b 135.00 




Total NSC in ratio 
Cost/day 













22 mg % 
18 mg %
Ingredient
1.93 Alfalfa hay 
8.06 Corn Sila25% GR 
0.00 Bermuda grass 
0.00 Cottonseehulls 
2.59 Cottonseewhole 
3.72 Corn ground 
0.64 Soybean hulls 
0.98 Wheat middlings 
3.39 Soybean meal 49 
0.23 Soybean meal 48 
0.08 Tallow 
0.17 Molasses cane 
0.93 Minerals 
0.01 Smartamin
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